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ABSTRACT 
A programmable logic controller (PLC) software based 
control system is used to replace the electro-mechanical 
hardwired control schemes of high voltage switchyards. A 
hardwired-to-PLC conversion process is presented as a 
means of efficient.ly making the transition to software 
. . . 
based cont.:rol-lt. -Thi:s, proc·es·s;_ a:long with the capabilitie.e 
of the manufacturer's ladder l:o.gic software package, 
minimizes the effort required to convert complicated 
hardwired control schemes. 
The .. conversif n process developed in this paper provides 
t.he. us:·e.r with a bridge between ·th~ :r;elct_y·· :schematic 
diagram and the PLC ladder logi_¢, :c·:c;rtttrol rungs .It :It :$.1$.c,· 
·gi_ves the µ~·e:r a .f:orm.at for dc>"cun1e·n·t.i-n·g, the softw·~tre· 
control proc~rram so that the o:r:·i'gin-a.l :sys.t.em: cl~·sigt1er_, 
those te-$ting the system and those exposed to the· ·s.cheme 
. ,-in. :the. i·uture can understand. its operation. 
'l:/ .. . .. 
;.The conversi·on of three switci~y·ard: s,chemes of varying 
complexities provide a ba:sis f·or d·emonstrating the use 
and benefits of ti:1._:is. p·r-o·c·es.s, •. 
' I 
I 
' ' I . I 
CHAPTER I 
J INTRODUCTION 
This section of the paper will introduce the reader to 
the bulk power switchyard, its protection & control 
schemes and the problems associated with the present 
level of control technology used at these high voltage 
switching stations. Also presented is a new, software Q 
based programmable control system which is not subject to 
the limitations and inflexibilities of the current 
hardwired control schemes. The presentation of this new 
means of substation control leads into the main topic of 
this paper; a proposed method for efficient conversion of 
hardwired switchyard control to software based 
programmable control systems. 
The bulk power switchyard is the highest voltage 
switchyard on the utility electric system. As such, it 
represents one of most critical points of control on the 
system. Bulk power switchyards provide a means of 
tapping the bulk power transmission grid to supply large 
blocks of power to major load regions and a means of 
supplying multiple source reliable power supply to the 
lower voltage regional substations. They also provide 
2 
isolation points on the bulk power transmission system 
which allows the clearing of system disturbances without 
removing__ a large portion of the transmission system from. 
,;/ ....... 
sertfce. ,,"' 
The one line diagrams of Figures 1-1 & 1-2 show th·e 
physical relationship of the major pieces of hi.gh ·voltage. 
equipmen-t for the evolutionary steps of typi·cal sin·g.le· 
a:n·d ::doulll.e bus swit.chyards. When a load center is 
.id·entif.i-ed,. a· t-ypi¢al means of handling the load .is t:o. 
establish a new 230 kV switchyard with a single 230-69 
kV transformer tapping the 230 kV line (Step 1). As the 
·1oad grows a second transformer is added and the 230 kv 
line is· split into two li.nes. b:y adding a 230 kV circuit 
breaker (Step 2) • T-he breaker is added to prevent the 
los.s o .. f both tran:sformers for a fault on the 230 kV line: 
:.or -a single equipment failu·:i;:-~·:. La.'1:-:'ge load centers 
:require additional supply lines .and ·is:olating breakers 
to maintain secure supp.ly to t-h.e· a-r,e-a .. T·h:is. is shown in. 
. . ., 
steps 3 and 4. The ef·f·e·ct of· t-he.se· e:vo.1.uti·onary steps on 
hardwired contro:1 s.ch·eme:s :wi'.Ll- .b.e e>.epl.a.i·_ped later in this 
section. 
\ 
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The main controllable device in a switchyard is the high 
voltage circuit breaker. It alone has the ability t·o 
operate under load current or during system abnormalities 
and isolate a1 fault or failed device from the system. A 
secondary control device, the motor operated air break 
(MOAB) switch, provides isolation of a device after the 
circuit breaker has tripped to interrupt the fault or 
l·oad current flowing 't_hough that device. This 
.combination of circu·t.t ·breaker and MOAB allows the 
majority of the tran.smis·sion system to be re-energized 
after a failur.e:· by opening the MOABS at the failed device 
and reclosing the breaker. Returning a majority of the 
system to service as qui.ck·ly .as ,possible is necessary in 
maintaining reliable :s.up:ply and s.ys:t~n.t stab-·!lity. 
From Fi9·µt-es. 1-·,1 ·& 1 ... 2 it is apparent that even in .a 
switchyard' s mos.t· f:ully i_mplemented form, there are ·ve.ry 
few controllable d:evi:ces-. a'nd ev·en ·fewe·r dev·i·ces re.qu:±:r.i·ng 
:protection supervisi-o.n. ·by c·ontro.l schemes. This i .. s. 
primarily due to e.conom:ic reasons. The :pur·chase of 
circuit breaker·s· :and ·power transforme.rs operating at bulk 
power transmi-s·sion. vo·ltage levels requires large capita.l 
expendi ture:s. T-hi_s 1 imi1:s the number purchased to 
perf arm a n$edeq. .. furiq'l::ion,_,. wh-ich results in the 
( 
I 
complication of having many control schemes controlling a 
common device. Device control is further complicated by 
the inter-relationships of these control schemes to one 
another and to schemes controlling other devices. 
Figure 1-3 provides a visual overview of the protection 
and control schemes used at a Step 2 single bus 
switchyard. The thre~ line protection packages for each 
line, the two transformer protection schemes for each 
transformer and the two 69 kV breaker failure schemes al.l 
control the 2 3 O kV brea]{:er ~s shown by the dotted l.i:ne.s ~ 
Breaker 2R also ha·s a ·bre-a~er £:ailur.e scheme whi·ch 
attempts to open thi~ ··bre.a]~}e:r':• Thee ·transformer ·1.ow s·i.de 
.. 
breakers are show-n in tl'l.is f.ig-u~;e :be:c.aus-e s·chemes;_: f:roin-
these CBs operate tne s.witchyard breaker. ·The 
.cr-iticality of pro.tect,ing this equipment -i·s the reason 
·for the redundant: prote·ct.i·on. ;and the nee.d to cover all 
·possible contingencies', :ev.en ·the,, failure of t.h~- isolating 
device to operate. 
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Each protection scheme can be brqken into two areas; 
protective relaying and control. Protective relays use 
line currents, potentials or equipment monitoring devices 
to determine if there is an abnormality in the zone of 
protection provided by that relay. There are many types 
of relays used: in a switchyard. Line protection relays 
may sense overc\lrrents or use voltage and potential to 
determine the direction and distance to a line fault. 
Transformer protective relays sense wnet:her currents 
flowing into the transformer equal t.'h:e, currents flow-in·g: 
out and monitor the pressure in the transformer tank fo.r 
fault induced pre-ssure ·t.ransients. The important 
commonality is that .. all -re:lays provide a ·similar output: 
td a control scheme. It may be a contact closure or 
op:e:ning, the firing, of a triac or a logic voltage I.ever-•. 
,Thi-s idea ct:llow .. s one C:·onc.:e.ntrating on q-qrtt·ro.l system. 
de:sistn ·t:o ·divor.c.e himse-lf. from the i:I1..t·ricac:ie·s.' O'f r .. e:1a:y· 
·ope·rat:ion: and c.ons:ider them as m.erel:Y contro·1 s,ys,t:em: 
i_ri_plJts which wi1·1 :be. ha:ndleo. b_y s.cnne: interfia.ce: har.dwar·e 
to, :make the op er.at i·ng .qua.nt.it:J/e$- -cornpatj~bl.e: .. 
The present con.t:_rol, sc;:he·m.es· ·used in swi t'c:hy.a·rds. are made 
up of contact string,s Wl)ich f.orm the logic p~ths., simple 
relays, timing relqys·,. multi-function ~i:trti'ng· and control 
I 
. ' 
devices called c.on·t.r:ol-. re;lcfys: and communic·-:ati-on equipment 
which allows the control scheme to obtain the information 
it needs from other substations to make control 
decisions. These devices are all "hardwired" together to 
form the various· co:ntrol. sc:}1emes; thus, the name 
hardwired contro:-1 s:¢be1n·e ~: The contacts that c·reate the 
.logic paths may come :f·rom. t:h·e protecti·ve :r·e,lay:s 
a·ss:_ociated with the co,nt:r·ol :s.c:h:em:e., ·co·ntro.i or :tim-ing· 
.refl:~ys within the contr·ol ·fu:ncti-on or :from -other control 
funct.ions either at the· ;s·tati·on or t·rqm· another location 
via the communication d·evices. The· communication systems. 
may be thought of in :the same lig:n_t as; the protecti·ve. 
relays, they .are ·me:r-e.ly _providing· a. control system input. 
T·here .i.s .no. n,ee:d to consider how communication. $Ys1;em 
i.np~ut-s :ar·e: generate·d, only what tl'le input repres.ents and· 
whe,ther a-ny time delays mus·t J:>:e c:onsidered due to. ·the. 
111.et.ho.d of retrieving ·the :i.nput •.. 
·-CO 
'tlte simple r:el:·ays ·pr:ovi.de an ·output res:poh$:~ wh.en. the 
contacts in the string .qontroiling i_ts ac:t-ion :are all 
closed. This i··s· -equ .. ivalent to a lo_g:ic TRUE: .c:o-ndition: .. 
The timing relay :reacts 1·n a. s·intil:a-r manner but. ·f._s 
capable of d~·1a.ying it.:s -r·e-s-p-ot1s,:e to a TRUE cond-i·ti.on 
(time cie"J.9·y· :p·ick·-:u.p:) , or, d:elay:Lng .its .re.s-ponse· t-o th·~-
l ·o· . ..- . 
,.-
loss of this condition (time delay drop-out), or both. 
The control relay usually consists of a combination of 
simple and timing relays which are arranged to provide a 
specified output response to a set of known inputs. It 
.is actually a small control scheme, but limited in that 
it will work with only one set of input$ and provide only 
·t.hose. ·out_p.u-t-s as or-igina·11y o.e.signed iin.to: the unit~ 
's:chemes: 
1 .. T;he ,:tL:ar·ge. ·qUa:ntity of relatively simp:le devices 
needed to create the scheme make them costly to 
pu .. rch:a:-se and costl.Y from a space utilization 
V:i·eWPoint. T·his problem is ag9rava:ted bf the-
:ri~ed f.o:r ,m_any small control scheme·:s. ·whe:n :u:s-ing 
:Si:i11p-le: control devices. I . .. . . . . . 1:· The 1n·.t-erac:t1o·n 
tieccessary between t:he m·.a·ny small cont·rol schemes'.. 
causes the need f:o:r· a .large number of contact 
outputs; f·ront- eac·h :sch.em.e to satisfy the logic· 
:needs of.: t·he (,-_t:h'.ers. This increases the numbe:r· 
·needed :for eac·h :s·chem.e ~ 
.. 
:1.·1. 
·' ., 
. 
2. Many hours of construction labor are spent 
completing the tremendous amount of wiring, 
cabling and terminating neccessary to create the 
contact string logic paths and connect the 
control devices. Many additional hours are spent 
verifying and testing t:he schem~s .. 
and additions. ntad.e: .dur.·ing·· th-e: ev:o.l:utio.ri of a 
switchyard can result in the need to physically 
modify most of the contr·ol schemes. This may 
.. 
entail the mod if ic.ati-on of- a scheme's physic:-a._:1 
--1ay:ou·t-, :w,ir.:i·n·g: :changes to tlle c:ont~ct· s-t·ring-s·, o:r 
th·e ·additi:o_n -o·f m.o-re control deviqes t>c> pr:ovid·e. 
for the increased output oontadt needs of :the. 
other co-ntrol ·sche,me·s· •. 
'L,i_:ke t·h:e electric: ut.3Ll.it:y: i.ndu:s.tJ:y-,. other- i.ndu:s:tr:-i .. es; h-av:e: 
experience:d. th·e sa.·me 1imitations ·o.f. the. ha.rd_wire:d c.oht'r:01 
scheme. Increasi:ngly, many a.re t·u·rni.ng ·to computer ba,-$'°ed 
programmable control sc·he'mes to av.aid the:se limitations-. 
Programmable control scheme:"s: a:11·ow .mos·t cha,nges in 
,control needs .tq -b:e handled by s:imp.l:e. so·£t·w.~r'e 
-m.odi£ications. c.on:t_r,ol d.ev_ic:e ::r~qu,i~~J11._e-:n-p:_s· are greatly 
12: 
reduced since these schemes contain intelligent 
, I 
controllers that can replace many of the smaller 
hardwired control schemes. Also, the software programs 
in these control programs cart reuse a single control 
input an unlimited number of times greatly reducing 
wiring and cabling requirements. There are, of course.,_, 
critical aspects of substation control that must be 
considered when .. evaluating ·co.nt·r.o.·1- s·ys.tems used PY o:the~: 
i:ndustries. C.on·t·r.o.1 ·s.c:h.e.:m.es ·iJi: ·t;·h.e $le:ctr.i_·c, ut;i.l:ity 
_industry: n1:ti$t ~e.$ponc1 t11 ·tin1_es me·asured .in mil.li·s:econds, 
:redundant sc:hemes .mus·t :be: capab:·le ·o:f o.peratin.g 
independently :and. -:th-e· ·fai·1u-r·e of a scheme to :operate 
-correctly c·an h·av·e .. a larg:e·: economic impa.c.t ·Qr· cause 
i·•nj_ury t.o ut-i:l.it.y ·pe.rson.ne·i .or the pub:1-i:c. 
:r 
T-h.ere is ·a progranunab·le: :c:.o:nt-r.:0:1 dev:ic~ avai:1-ab:1e th.at :·c.~:n 
c·omply with. the: sp-e:c:i.a-:1. a·sp·e:cit:s. o-..J: substation ·control .•. 
It is called. th-e .. pro.grammab:le Io·gic o.ot>.troller (P~C) ·f It.-. - .. '.• 
is a microprocessor bas.e:d mc;:idul,ar. .c¢:ntrol s:ys·te·m ·tha:t: 
provides the user w.i.th a bti-i.lding blo·ck .m·e:tho_d o·f meeting 
his control system. :n.e:~~r~. It runs a high l·evel language 
- . 
call.ed Ladder Log_i.c w:t1ich uses gr·-aphi:c :symb·ol, 
representations o-f· ac·tua·:l c·ontrol. sc.he.me.- :.d·evices... The 
:ma·i:ri problem ip ijS·ing: t·h.i:s·: C:o,n·tro'l _-9.:y-s·t.ent i·s. ·th:at there 
' i. 
is no organized, efficient approach provided by th-
equipment suppliers for converting existing hardwired 
schemes to PLC software based control. Even though the 
PLC ladder logic language mimics many qualities of the 
hardwired control scheme, many of the hardwired schemes 
are too complicated to perfotm· :a ,$_:i111p).e one-for-on:e 
• • conversion· .. 
- .·. . . . . . 
:The remainder of tJ1.i:s pa-pe:,r ·i.s- dedicated to tl1:e· 
. . . . 
·presentation of a .. p_·r·opose,d: h·a.rdwired to PLC control 
scheme conversion process and the f~ur steps used in 
designing th~ process. The first design step was to 
learn the capabilities and· limitations of the PLC 
software ba_s··ed. ·co.ntro.·1 s_y-st.·em.- ·Th:e. s-econ·d was to define 
the "ideal:'·' co_nvgr's.i .. on.· -p_tdcess. Th·e third was to create 
a c-onver.·s_i_ot1_ pro:ce·s·:s· ~s :C_l·os-.e-_ to. the •iideal" as possible 
while .co:nsider:-ing th.~ limi·-t-at.io:n·._s· _.id:entified in step .c;>:ne .. 
. The, .f i:11al -9-t~p wt1$ to. work: through ·t:tle- comp-let:e l?·rot~·e:ss 
by converting 'actual ·sw:itchyard cont-rql schetn.es :o·f 
varying complexities. Each of these $t~·pf;·: i.s d.et·ai_l:e:d :in: 
the chapters that foll:ow .• 
.:14 
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CHAPTER II 
THE PROGRAMMABLE LOGIC CONTROL SYSTEM 
This chapter concentrates on the ·first step in making the 
conversion from hardwired control; learning the design 
aspects, capabilities and limitations of the programmable 
logic control system. The programmable logic control 
system consists of two main components; a hardware 
component called the Programmable Logic Controller and a 
software component called the Ladder Logic control 
language. Together they can be used to mimic most 
hardwired control system components and, in some cases, 
use higher level control functions to simplify control 
tasks. 
The following sections describe the hardware and software 
components to the level required for understanding the 
ideas presented in the following chapters. 
Programmable Logic Controller 
The programmable logic controller (PLC) is a 
microprocessor based, modular hardware system. Its 
modules can be grouped into two main categories; 
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controller/controller support modules and input/output 
(I/0) interface modules. 
The contr.oller/controller support modules provide the 
system's computin-g power, software execution, memory 
requirements -and. connection ports. In small PLCs, these 
functions are combined in a single controller ·module. In 
larger uni ts the cont:r;q.·1·1.er usually contains only the 
oent·ral processing unit and the user is free to add 
.... ine.m_ory: and port modules to suit his:. s-p_ecific n-ee·ds-... Th:e. 
controlle:r ca.rt -be programme.d from :a :pe-rson.al .computer or 
.f::ro.1n_ -a :progr·a-mmirtg .device s-u·ppI·f.e.d -~-Y -the: manufacturer •. 
:irhe ·.c·o.nt·roll.:er is q~signe.d: to· operate as a: co:nt1nuous·1:y 
$caJ1ni:ng· cievice. It. repet-itively scans the logic ·v.olta:ge 
1,eV-el.-s ~z-om .. the ·:r;·;·o modules., u-s.:es t·he. i·nputs to so-1.v.e ·the 
l~tcider: ·1ogic: ·c-ontrol pr.ogram,. one rung at a time.:,. ;a:nd 
. . . ' .• 
pr.ovJ.c;ies updated outputs to ·the :r;·o mo·dules: ,bas·ed o·n :t:he 
. . . 
. 
sp:.e·ed. w.ith wh:id:h pro9-r·am. e·xecu·t·ion takes plac.e is 
de:pendent ·On: the :sc.a:n rate:. of. ·the particular controller· •. 
The s·c.an ·rate o··f. a ·c.ontro·iler i's quoted .as the time, i.n 
nri.llise:conds: (ms)., it t .. ake.s· the cont·ro:l.ler t·o solv.e o:n:e 
. . . " 
'. 
Available scan rates vary from about' .l. ms to 40 ms per 
thousand words. Available memory in these units varies 
with the size of the unit from about 512 words to 512,000 
·wo-rd.s-.- The size and memory of ·the: con,troller limit the 
n·umb.er of I/0 that can be se_rv·ic.e·d: ·an·d ·the complexity of 
t.he C'ort:t.rol program_:• ·cont.roc1.1_ers are :avallab.·1e with I/O 
'interface- c~p~l:>-il."iit:i~.S. froin as' 1-·itt.·le a-'S. ,.1.·o Ij,p to about 
4:oo.·o ·r/t:J. 
. . 
~n:e.c·es·sary for ·the -inte~··f·ace ·o·f a_ 'l:og_ic :leve.-1- controller 
to the ext:erna:l ·-g·.$v:i,.:o¢S· b:~ing o·ont·rol .. :I:eq._.. Tt1,.ey inte.r:f.a:c.e-
, 
., 
c.o:-ntro·1·1e·r, .w·i.th .l.ogic level ·rep·res·e:n/t.a.tiorts· o::f· the..s$ 
value,s. ·Th·ere, are also I/·Cl ·mo .. du1e.-s, tJ:iat i·n.t~r-face 'Wit·h. 
bd.n·ary r,:egj~_:st:er.:s and bi:na,ry· ·:coded ,dec:im~i geyices. These 
modul,es ,ca:n ,p,rov·i:de; e:i t·h:e·r: 2·., 4:; 8,1.~=,.or 3:2-. :r:;:o points per 
module. deJ?endin·g: ·O'n t·he .c·:o·nt,ro:l -s.ignal l~v-e_ls· :required. 
·,T·ao·l·e·s: 2: .... :1 thr.u. 2.,·~4 s:how th.e ,ipterfac~ c.::.qpab.iliti.ef=l of 
TABLE 2-1.(DIS RETE INPUT MODULE TYPES 
Input Module Catalog 
Signal• Type Number 
5 Vdc 4-Poi nt NL-701 
12 Vac/dc 16-Point NL-707 
24 Vac/dc 16-Point NL-708 
48 Vac/dc 16-Point NL-709 
120 Vac/dc 4-Poi nt N L-705 
120 Vac/dc 16-Poi nt NL-710 
240 Vac/dc 16-Point NL-711-H 
120 Vac/dc 8-Poi nt N L-715-H 
(isolated) 
*Vac given in RMS. 
TABLE 2-2. ANALOG INPUT MODULE TYPES 
Input Catalog 
Range Number 
0 to 5 Vdc NL-740A-H 
0 to 10 Vdc NL-7408-H 
1 to 5 Vdc NL-740C-H 
0 to 1 Vdc NL-740D-H 
Oto 500 mVdc NL-740E-H 
Oto 100 mVdc NL-740F-H 
*Oto 20 mA • 
*4 to 20 mA • 
*Oto 50 mA • 
* 10 to 50 mA • 
O to 5 Vdc NL-742A-H 
0 to 10 Vdc NL-7428-H 
-5 to 5 Vdc NL-742C-H 
-10 to 10 Vdc NL-742D-H 
1 to 5 Vdc NL-742E-H 
*These optional ranges are obtained 
by adding the appropriate precision 
resistors to the NL-740A through C 
modules. 
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TABLE 2-3. DISCRETE OUTPUT MODULE TYPES 
Maximum 
Output Current @ Module Catalog 
Slgna1• 80°C Type Number 
120 Vac 1.5 A 4-Point NL-720 
5 Vdc TTL 160 mA 4-Point NL-723 
Contacts -- 4-Point NL-728* * 
Contacts . -- 4-Point N L-729* * . 
120 Vac 1.25 A 16-Poi nt NL-731 
12 to 125 1.5 A 16-Poi nt N L-732-H 
Vdc Sink 
240 Vac 1.25 A 16-Poi nt N L-733-H 
12 to 125 1.5 A 16-Point N L-735-H 
Vdc Source 
120 Vac 1.25 A 8-Point N L-736-H 
Contacts -- 8-Point N L-737-H * * 
Contacts -- 8-Point N L-738-H * * 
Contacts -- 8-Point N L-739-H * * 
• AC values given in RMS 
• *These are Form C relay output 
modules. 
TABLE 2-4. ANALOG OUTPUT MODULE TYPES 
Output Catalog 
Range Number 
Oto 5 Vdc NL-750A-H 
4 to 20 mA 
• 
Oto10Vdc NL-7508-H 
4 to 20 mA 
Oto 10 Vdc NL-750C-H 
10 to 50 mA 
0 to 5 Vdc NL-751-H 
· 0 to 10 Vdc 
-5to5Vdc 
-10 to 10 Vdc 
4 to 20 mA NL-752-H 
Oto 20 mA 
10 to 50 mA 
0 to 50 mA 
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All PLC modules are mounted on manufacturer supplied 
equipment racks. Usually there is a special location 
for the controller, but the I/0 modules may be placed in 
any of the remaining positions. The only thing to 
remember with these racks is that each .. position has 
specific I/0 addressing. If a specific input number is 
referenced in the control progra~, that point must be 
wired t:o, the module and point number in the proper I/0 
·poa.i-t:f on~ 
JJue to the ·PLC_:, .s fl:e_x .. :Lb:.i.1 .. it.y in ,c:_omp-u-t.ing· p .. ower- :'a,nd ·.r;.-o:,· 
there are rro ·ta-r1.g·ib.:le: h·ardwa-1r-e: l:::im-it·ati·o.-ns that. wo:u_id_. 
e·f'fe.c:t s·ub:s_t:·a·t.i:on:- c·.on·-t.ro:l_ ... Th·e o.n-ly ,1-imit:ati:o._n 
visua:_lize·d. ·a.r.e th_o·se- :s,,p.e.c:-i·fi·c. to -the a·:s_pect.s o-:e· 
-substation c·ont.rol.. -.. A c·on:trc)-1, de$iqn~·r· qoqtci_ U$~ ;t];1:~ 
power of the PLC ·to ¢oinbitre_ :a.l. .. 1 .ct>tft1?ol .in, :op:e. dev:f.c.e; 
however, this would V'_io·1ate 'tlte se:pa·:t"at.io·n. -o.f: :re,du-ndan-t· 
' .. 
Ladder Logi_c:- C-o.ntro·l- L·atrguag::e' 
The programm·ing, ·1.an'g·ua.g.e ·used i·n the PLC: c:o,ntroller is· 
the Ladd.er ·to9"i.c .. I·an··g.uag::e,. T-his language ·allows the user' 
t_o: .u:s·e graphic syntb.o.1, r.e:p:re.s.ent.a.ti·o.ne -Qt .. ,actual control 
,~: 
scheme devices such as normally open and normally closed 
contacts, simple relays and timers to build the control 
-
program. In addition, there are many higher level 
"special functions" and math functi:ons provided which 
allow the user to mimic the actions of control relays or 
simplify some control schemes by using higher level 
control elements. The functions available in the 
:PC-700/900 are described in Appendix 1. Whether all .o:f 
these functions will be available is dependent on th:e· 
particular software .and controlle-r· s.elected. 
Using 'Lad:de·r Logic, tne user can string tog.ether the 
:de.sire.d input point. representations to fo·rm the log-i.c. 
:paths whi..ch will energize a particul,ar· f.unction. Figure 
4 .shows :an example ot a :single. run·g f-r.om :a ladder log·ic: 
·cQn-trol pr.ogram· •: !11 th.i.s .exampl,e, tw.o par.al.le!. p·ath'$. 
::c,ontaining two ·1.np\lts: e·ach ar-.e ·use.d to ·energ·i.ze a c.t:>.ii. 
No matter what input signa.l is 1?:re-s·e·nt:e·d. to th.e I/0 
.modules, the l,ogi.c n:1 11 · o::r "O'' reP,·res·e-nt·at.io,n is always 
.. 
shown a.s: :a normally clo·sed or· no·rmally open .. c-ontact, 
.re·s:.pe-c·tively., i.n th.~ 1a·dde:t cont:rol program. T·his 
·p:a.rticu·1a:r d.iagram c:an be ·thought of as two ,AND. ,g._ate_s: 
. 
. . 
. . . . 
s:uppl-ying ·two ~nputs t:o an OR ·gate which will ·provide a 
l. .. og·ic TRU-E.: ·to an output ·dev:ice·. All logic paths in a 
• 
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ladder rung can be thought of in these terms. All series 
branches in a ladder rung are equivalent AND functions 
and all parallel branches are equivalent ORs, with the 
logical completion of any path through t~e rung providing 
a logic TRUE to the rung functional output. 
R 1 CNTRL ! 
U !INPUT INPUT RELAY! 
N ! 1 2 5 ! 
G !INOOOl IN0002 CROOOS! 
!-] [----] [--+---------------------------------( )-! 
# 1 ! 
!INPUT INPUT! 
! 3 4 ! 
!IN0003 IN0004! 
1 !-] [----] [--+ 
' • 
' • 
Example Ladder Rung 
Figure 2-1 
I 
• 
I 
• 
I 
• 
' • 
' • 
' • 
' • 
I 
• 
Two important considerations in using the Ladder Logic 
language are that each rung may only provide one function 
and that each rung is limited in the quantity and 
organization of inputs it can accept. The limitation on 
number of inputs and organization is an area that must be 
considered when converting hardwired control schemes. 
This limitation will not prevent the control designer 
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from replicating the hardwired design, but may force him 
to segment a single hardwired logic path into multiple 
ladder rungs. Ladder rung contact matrix limitations 
range from about 4 by 6 ~ontacts to about 7 by 10 
contacts per rung. Any· branch combinations within thi-:s 
matrix are acceptable as l.o.n·g as the logic flow is :al:~rays 
towards the function. 
An addit:iot1.a-·1 featur·e· o:f' t·h,e _'ladder' lo:g-ic. .contro-1 
language is its testing capa:bility. T_:h_e .u·se·r :is g·iven 
the ability to "force'' a·ny logic· e:leni:et1t o:r ou.,tput coil 
to the TRUE or: F·At's,E· state ( energ_iz'e.cf ,o·r c:l:~.ene.t<1t:ized 
.:sta(t·e} b:y·: .issuing c.o:mmands from· the- ~-e·y_boarq. Th.-iS: •Can . . . . . . 
·g:i$,conpected from ·th,e PLC during· :Pro.g~am developm~:nt .. , or-
,0 ort-. line" w:i:th· t-h.e programming· -.dev--:i~'._ce conected to .a'n: 
·o:ff-line testing allows the user to d·eb.ug t:he :cotitro-1 
program before it is· loaded into the P,LCi~ ~v.·e-ty control 
function mimiced b_y· t:he. ·control progr·ant: spould be 
. : . 
. 
verified befo,re: it, i·s loaded int:·o :t11e PLC. Error ..s: ca-n 
'.\. 
be identifi.ed :b..:y f·o.ro.ing ·th.~ logic e·1ements of- e,a.c,h 
subfunctio.n -i:deh_t·i_f·i,e~ pt). the r,e.l.ay· schematic. Th-i·:s 
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will catch errors brought about by the break-up of a 
relay logic path into multiple logic rungs and errors in 
the use of input cont~ct s.ense. ·Th.is type test will also 
catch an_y precede11ce. J,r.obl.ems that· were overlooked, such 
as the prop,~·r·· 'ltes:et. of· a ·mul.ti--step timing· scheme before 
it incorrectly ·steps, t.o the next output. r··:f· all the 
sub functions of a scl1emat.ic ·are tested, the logic errors 
of the ladder rungs- sho\l:l.~ be -e.liminated. This still 
leaves the possib·ilit:y qt interface s.i-,gnal level 
. . . . . . . . . . . . .. . . 
. 
mismatches an.d .real time operat.1ona:1 constrains that can 
only be v.e,rified w.it::.:h. an .on.-·line operational test. 
On~line testing should concentrate on th~ ability 9f the 
PLC to operate ·the. dev·ices it must -in·t~·rface with, and on 
any real tim·e const-ra.i,n-s· :i:mposed on t·h·e: ~·ystem. Outputs 
should be for·c·ed s.o t:'h.a:t ·operation of' ·connected devices 
J~a.n be observed and r:e·s:po·nse times mon·itored. This wil.1 
al$o verify that all I/0 module. output points are 
operational. ·T·im:ing co:or.d.i._1):ati.on, al though cared fo:r in. 
the control program, :i,f; :an :a·rea where in-serevi.ce, 
on-line testing is tne .only means of verifying proper 
operation. For exa~ple, in the carrie~ control scheme, 
which will be discus:s.ed in: :Cha_ptet· ·v,. o·ne must allow 
sufficient delay ·t-ime· fo:r tne: t.';a:r end communication 
.P.· 
channel to block tripping before allowing the local 
breaker to trip. Timing precision in the millisecond 
range is common and can not be verified off-line. 
on-line testing also permits the user to speed 
troubleshooting b:Y allowing hi_m to force individual logi:c 
I 
sequences, each .. =havin:g ,a .){rro"tn output response. 
For the pu:rposta,s of· th·is 'pap.e-r, -i_t· wil .. l. be a._ss·umed that 
·this testi_ng capability i·s suf::fic-ie·nt .f.o:r verifying and 
troubleE>hd.oting swi tchya-rd ,c.ontro·.l .s¢:he_mes. 
The software limitatio-n- :as· a:p_pii,:ea- ·to substation control 
will be the limitatio·n in the s.iz·e. of the input contact 
matrix. This could tend to increase the difficulty of 
conversion by confusing th~ -user when he trys to 
correlate what is on, t.··h·e ha:rdw·i~eg_ schemati.c to the· r_u,ngs. 
of the ladder dia~r~m~ 
.Now that the. :abi:1itie:s and limitations· of the ·PLC and 
. 
' . . . . ,· . . 
. . .. . .. . 
' 
.. 
Ladder Logic Control :tati:guage are known, an attempt can 
be made to define ·art ·i.dea.l hardw-i=red-to-PLC conversion 
process which takes 'the. PL·C control system's st1·engths 
and weaknesses into account. Chapter III describes the 
aspects of a conve·rsion -pr·o.cess that would make it ideal 
-· 
from the users viewpoint, considering the problems 
identified in this chapter. 
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CHAPTER III 
ELEMENTS OF AN IDEAL CONVERSION PROCESS 
·Th.is chapter des,~c.:r·ib-es: ·t·h-e a:s:p:.ect:s: :of· a conversion 
:p·rocess that wotild. lilake, it .icle:-a:1 .. from the user's 
viewpoint. There are ·.ma,ny ·f:ac·et·s that must be 
considered. There is the obvio~s desire to have the 
conversion as simple as· possibl.~ with the minimum number 
of steps, but there other ideas that, -must also be woven 
into this proce~$~ It should ba flexible so that not all 
the steps requ.i_reci :f_d·r .a, -c.omplica.ted conversion would ;le 
necessary for ·~. sintple .c;o.nver·sion-.. I_t $:hou1.g itrovide 
·u$.eful end pr.o,duct-s- that co:u.id :b~ u.sed. p·y·· othe·rs ·fo.r 
·gainin,g· knowl.e.dg-:e of w:ha_t ftt:n-c.ti_on th.e ct,n.tro:l .,sch:exne-
provide:s, ·h·o.w it :wo·rk.$ an_d ·now it ca·n b,.e te:ste·:cl :to:: verify 
. t t:, 1 s oper·a. -l'O.n.11 
ideas in more d~tail~ .. 
:,j 
:u.se-~- -Requ'i·r.em~n-ts· 
-, . 
. '\. 
Before a conversion _pr.o·ce-.9:s ·.c-an; ·1o·e -.developed, o·-ne: ·mus.t 
either understand th::e :capab·iliti.es of the potent·ial Q;,s_er 
or limit its us:e to· -i-n:d.iv·t,q:p_a_l$ \-t.i:th certain 
,-.;f ........ .. 
) 
\ 
qualifications. The assumed knowledge of .the user 
pr~vides the base or starting point from which to build. 
the process. Whil.e it is obvious that the process should 
do as much for the user as poss.ibl·e, it is very .important 
to· understand that a procedure c·annot substitute for the 
control designers knowledge of hardwired cont·ro·1 .logic. 
!f the user cannot understand the function he is 
converting., he· will not be :able to take advantage of the 
PLC• s :high:e:r. 1.~vel contr.cil functions and may not be 
c~:pal:ii.e .q:z· :1=·eplicating a ·co.mplex control relay. 
Therefore., ·an assumption w·il:l be made that any us.·er, of a 
switchyard control co.nve.reio.n :process. at least has a 
working knowledge of control de.si9n and can read a relay 
schematic to identify the fun,c.:tio:n.s p·rovided by a 
hardwired control scheme. 
. . 
-
T.he time $:pe.nt:. to .i·d,e·ntify t:h.e ·furt--c·t.ia.n.s -p~ovi:de.d -b,y :·a 
ha:r.dw.ire:d :scheme -has .ntany ·be.ne·f its:, btit.. it. should ;not_ :be 
:required ev.tJry t.itne, a new .d.e·s·i.gner reviews the schem:e .. 
Therefore, the con_vers,ion p:rc,ces-_s :sh.ould require the: us.e·r; 
to document what a c.on.tro:1. scheme: provides. This step 
would provide t.he: :·proce-s.s user ·With :-bas.a_ 4-esign criteria 
·from which he could st.~p ·th-rough -the co,nveI"sion without 
losing sight of what he i:.s trying to aqcQtnplish. In 
•: 
·.":C" 
I 
addition, since the PLC control scheme is a m!mic of the 
hardwired scheme it replaces, this step would also 
provide a final description of operation for the software 
control program. The level of detail must be such that 
any control desi'3'ner fami .. t..iar with switchyard control 
design would be: ab:l.e. to. u.-n.ci·~·rstand how the scheme 
operates. 
on.ce, thee: ·u·s·e:,r h'as .es.·ta:'b,li:s·hed and documented what. ,he :is 
.. . . ,-, . .. . . -·' •.•. . •-, .-- ' . 
. ·. · .. ' 
.... · - . ·.· .. 
tr.ying: t.o· ,ac:c:omp:.lish;, ·the conversion process should take 
over and le·~d hi:m ·to ·the finalization of the software 
control progitcim ... : 
Hardwired - PLC C'·o.nver·s.ion: :Proc.es.·s. 
:The hardwired - PLC cortV~r·sJ .. on pro·ce;S.S·. (HPCP) should 
provide the user wi.th a bridge between the relay 
schematic diagram and the ladder logic diagram. As· 
identifiecl i·n chapter 2, the only limi.ta.ti.o·n in. ;ma.king 
this conversion will be ·t:he fr·aginet1t·ation o·f .l:arge relay 
schematic contact strings .into ·multiple lad:de.r logic 
rungs. The HPCP shoul·q. som.eh.ow make up for this 
limitation by providing a.n in.t·e·rmediate or conversion 
step, or steps, ·wh.icl) ,wa.u.1.:d ·a11.·ow the u.eer to ref erenc.e . 
. ' 
, 
•. 
all or parts of the relay schematic contact strings to 
the associated ladder logic rungs and visa versa. This 
could be visualized as the heart of the conversion. 
process. 
The conversion steps required may va.ry depending o:n the. 
complexity of ·the hardwired scheme. Therefor·e, the H.PC.P 
should have .provisions for bypassing cert.:a,in steps when 
the convers:i.on .is le.s·:s c·omplex and a.ss:is.t ·the user in 
determin·fng wh.en th:is ·ii; feasible •. 
The conversion: s·tep or s·.teps .s·hould. be: ·b:a.sed ·on some 
development: t.ool. th ..at;. J..s .know11 to.: th,e· :u·s·er. This will 
·sp·ee·d :UP· the learning p:roq~ss: .compa·r:ed t·o introducing 
the user· ·to· ~romething totally new. .The ·development to~tl 
of the hardwired scheme .is. the e:·n.glish. word definition· 
of the function and ha,s .already bee·n put into use by the 
user providing a de-scription: of oi,-eration. ·Th:is leaves 
tools aplicable t:o t·he· PL.C. softw.a.re c:oi.,..t·tol. program. 
The main tool used in s.o·ftw~re development :is. ··th·e 
flowchart. It appears possible that some type of flow 
diagram coti.ld :Pe .deve·loped tha.t would both .sJ.mplify the 
·control prog:r:a.m~ltng· and :a.llow :reference back to the 
;3.0· 
,', 
• 
relay schematic. 
Final Documentation 
Documentation o.f ·a :co,nt·ro·1 scheme is of primary 
importance. :It- must provid~ the user with enough 
information to. understand, test and maintain t.he. 
scheme • 
. .' .. · ...... ' . .·. ·. 
The end product$: c:ff a. HPCP ar·e:: a working ladder contr·o:1 
program to replace the h.ardwired _scheme, information ·o:n 
what function ·o.r funct:ion-·s the control program provide:s ;. 
a-nd a method fot .cl.e,arl·y v-i·s.ualizing how the ladder rungs:. 
operate to pr·ovide the. c .. o·n:t:rol :£unction. Each of these 
end products must be properl·y documented to e-nsure the 
successful. use of ·t-h:e· P.LC coc=>ntz-o.l system •. 
:J)ocumentation of t-he ·oontr.ol prt)g_ram. will ·.come:: from the 
manufacturers Ia·d·d.e..r log:i,c. softw·are p·a·ckag.e. .All 
manufacturers include ~revisions for printing out the 
ladder rungs with the :t;/0 and function numbers and 
most provide an ·opti··on that allows documentation fields 
for relating a .con·tact or function back to its use in the 
relay schemat.i.c.. .All co.ntrol-. programs should be fully 
• 
documented using this documentation option. 
Document-ation of the functions provided by the control 
program comes from the users hardwired control scheme 
description of operation. It may require expansion to 
include items such as I/,'O point numbers, etc., but this 
should require only min.o~ -additions .• 
~-he: d·ocumentatiort f.o·r -¢:t:rrrelating lac:lci:e.t r_iln:g.:~ 1:-9-
·c.o-ntrol function must come from tw_o po.:i.nts, ladde-r run_g 
documentation, an_d documentation fr:ont tpe .. conv-e:rs:i_o:n 
,'S-tep(s). Whatev-:e-r the method of ¢0.nve~s_'.ion,,. i.t ·m-u:st' 
:Provide documenta.t:i·o.n to tie th..e ladder: rungs b:a:ck-, to. 
·t.·he function the:y p:r_o_v·ide,. 
l>L.C s-·c-heme Testing 
.As explained in- Cha_pter II, t:es.t--i-n.g o:t.'. th~ s·ottwa·re· 
control scheme i;;- p;rov--i·d_ed· by- -th·e ma,nu:fac.tu:re:r-' s s:o.-ftw:are· 
. . 
. .] 
P?iCkage both of.f-li.ne in the: p.·r,o.gram . .-d._ev·e:·top·me·n·:t s--ta.g:e 
·a-nd on-line with the ~-Ld by u:si-ng t'h·e .-fo_~cing- _fun:c·.tion. 
The tests described in t:ha~er II. Wl1l }:;e. assume.d 
sufficient f.or: th-e s:'cope, o.f t·nis pap:~·r-. 
CHAPTER IV 
HARDWIRED - PLC CONVERS.-I·Oll .PROCESS· 
This chapter details the proposed Hardwired - PLC 
"' Conversion process. The process steps are listed first 
with explanations of each step in the sections that 
follow. Although this section qqve~a all that is needed 
to make the conversion, r,eview-in._g the examples in Chapter 
V is the only way to f·ully ·Under-stand the use and 
b··enef its of this pz-oc,ess .. 
The fo1·1ovri:ng :outl.i-ne! ·f.o:r,m-~ ·the. stei;is. of the conversion 
process. 
·1,. IDENTIFY FUN:CT.IONS:: 
. . . ... - .. . . . . . ' 
·pLC· .•. ; 
Write a func.tional spe¢ifi.dc.it.i;:on fo·r .ea.ch- of· ·tb.e 
functions.. ·Fr:o:m t.h:.is., -detez-min·e whi:c:h fu.n.cti-.o:ti:$ 
can be conve:rt:e·d di.rect.lY to !add.er ru.ng-$· 
., ... 
[Those functions identified for direct conversion skip to 
step 5] 
:3 _. ·CREATE LOGIC FLOW DI1,GRAMS : 
Taking one function at a time, construct a logic 
flow diagram (LFD) for ea,c.h of the subfunctions 
identified. If this does not cover ~11 logic paths 
on the diagram, assign s~bfunctional status to these 
and create LFDs. 
4. COMBINE LFDs FOR EACH ~UNCTION: 
Combine all the subfu.nctional LFDs for each function 
into the minimal numb.er <:il"f. ·LFDs per function, 
pref er ably ori-e ... 
5. ESTABLISH BREAK POINTS: 
Id~n.t·_i-:fy break p·oints withJ."n: ·e,ach· :f_un:ctional LFD 
:that· ·wi.11 .. keep:· the .numb·er o·f: l.ogi_.c :e·lements within 
the contact: ·mat.rix· 1 i.n\·t .. t:at:·it·ons· of t·he ·controller. 
If the direct cotiv~:t·Sio,n ·is· being used-., mark the 
break points on t):ie .rel.a:y schemat.ic. 
:6. CREATE LADDER RUNG.S & 'I/:Q :LIST: 
Create the so-ft:w.ar-e. ,l.adder rungs. e:f.t.her directly 
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from the relay schematic, or by converting the LFDs 
from (+)'V Bus to(-) V Bus, starting a new rung at 
each step 5 break point. Also, from this step, 
build the I/0 listing for use ln the conversion and 
in the hardware implementation. 
7. T:E:_ST LADDER LOGIC co·NTRO:L PROGRAM':. 
Use the forcin.g ··f·unction capabilities ·of the Ladd.err 
Logic language to simulate inputs and test eac~ 
ladder rung. 
·The- first step is. to i:d_ent:i::fy wha't functions the user 
will place under ·PLC: contro:l. This can be assumed a 
fairly simple step,. alth=-o.ugh there are switchyard safety 
and priority constra-ints that must- be ·fo-llowed. For 
example, er i ti cal c.:o.nt.ro:1 fun..c::·ti·.on.-s-, ·such a-s manual 
circuit breaker: tr:ip-pihg con.tro·l 1 can-not be <iisrupted by 
the failure of. :an· autom·atic- c:o·ntr.0.1.·1:·e.r.. .'rheref ore, this 
function, a·nd perl1a.p$ others·. 1·ik.e .it, .i-$ b·etter left 
hardwired diteot·ly to t·h.e devic:e· i:t -c.o.nt·ro·ls •. 
In addition ·-to the.- .aoo·ve constraints, there may be 
3·.5 
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instances where PLC control complicates the scheme. If 
it takes much more work to interface with the controller 
than wire directly to the controlled device, the control 
designer may chose to leave a portion of the scheme 
hardwired. For example, a cont~_ol point may require an 
interface signal level unattainable in a PLC, forcing 
the use .of interposin:g- relays, or the majority of a logic 
control string may be contained in a control or sensing 
relay that is not being replaced. ·The designer must 
consider these exclusions carefully, he gives up the 
design cleanliness of having all functions under PLC 
control if he_ -~xclu·d·es any logic paths. This reason 
alone may· CQP.Vi:nce -th:e -.desig-ner to convert certain 
functions to. J=> .. LC contro·l even tho·ugh he may not see the 
benefit. 
The identification o··f f·unct:'i<:>:"n·s, subfunctions or logic 
strings that should re.ma-in hardwired may not be obvious 
at this point. It may become evident during creation of 
the functional specification or LFDs. Therefore, the 
user must be prepared to extend the ideas of this step 
throughout the process and continually question whether 
each conversion i-s practical._ 
3:.6 
.. 
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Step 2: Functional Specifications 
. 
A functional specification is an english statement 
explanation of what the control scheme provides. It 
must describe what the scheme controls, its rules of 
operation and how it interacts with other control 
schemes. The level of detail should be such that all 
the subfunctions within each function are identified and 
are understandable to a control designer unfamiliar with 
the particular scheme. 
The use of subfunctions is simply a method of breaking a 
complex control schem~ into managable parts~ For 
example, a breaker closing scheme canrttit be easily 
mastered by looking at the w.hole scheme, but when the 
s:cheme is broken into it.s subfunctions, supervisory 
close, manual close:,. a.ut·omatic reclo,s·e, etc., it can be 
·-unde·r.stood. 
The greatest benefit in using this method is that each 
subfunction usually relates to one specific logic path in 
the function. By using this method, one can visually 
verify that everything provided by the function has been 
identified by ensuring that all ~he logic paths have been 
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covered by a subfunction control explanation. 
The identification and documentation of subfunctions on a 
relay schematic is the easiest method of building a 
functional specification. Also, having each functional 
4 
building block to work with during the actual conversion 
will prevent the designer form los:i--ng himself in. the 
complexities .o.f· the- overa-1.l. f:unct-ion ~ 
The creation of the subfunctional Logic Flow Diagram 
(LFD) is the hea~t o··f the conve.rsion process. It 
provides the user w.i t·h a method of converting complex 
hardwired relay log,i.c. to a form that can easily be 
programmed as softwa·r:e .ladder rungs in a PLC. It is also 
the vehicle for ot·h.ers to understand how the logic paths 
on the relay schemati·c. relate to the ladder logic rungs 
in the controller. .Thi·s is especial-ly important when the· 
person designing ·t·h·e contro.l progrclm is not the same 
person testing an¢!. ma-.iit_t.-ain-tng the system. 
This step is not trivial -?i-n(l, ·t'herefore, is reserved only 
for the more complex c::qn-version that dema.nd its benefits. 
-Conversion of simple schemes should bypass this and otha~ 
LFD related steps, and go directly to the creation of 
the ladder logic rungs. 
• 
The LFD is basically a software flowchart that has been 
modified to incorporate the comonalities of the relay 
logic and ladder logic systems, and provide compatibility 
with the scanning operation of the PLC. The AHPL (A 
Hardware Programming Language) flowcharting system was 
chosen as the bas.i·s.i .for· the LFD' s design. The AHPL 
system is designed to identify hardware .designs that will 
replace software program statements. This provides a 
close parallel to what the LFD must accomplish, although 
in the opposite direction. There are only a few simple 
operators used in AHPL and three of thes.e are 
incorporated as the operators for the LFDs. These 
operators are shown in Figure 4-1. For those 
familiar with AHPL operator symbols, note that the 
.symbols chosen ·for the 'L:F·D' s retlect- an effort to 
simplify documentation :by minimizing the use of specia·1. 
characters. The symb.ols are also analogous to the 
mathmatical heira.:rchy of computations us.ing addition and. 
multiplication. The AND connections of~ logic string 
are computed before the OR connections Qf a logic string 
... 
• 
Operator 
ANU 
OR 
NOT 
;,. 
•, 
,. 
Symbol 
* 
+ 
-. 
Logi:c:: F::lt).v!. Diagram Operators 
F·igure 4-1 
Operation 
X * y 
X + y 
-X 
The drawback in apply.ing the AHPL system to PLCs is that 
the AHPL system f oll.ows the f orma.t of most other 
flowcharting method·s:. It. has only one start and finish 
point and can onl·y b.cive -on..e lo_gic TRUE path. Since the 
PLC is a s_ca-nning devic·e:,. i-t tnust check sma.1.1 segments of 
an overall function or S-.upfunction {a ladder rung) and 
use this information sequetttially in-. m.a.ny other segments. 
Many of these ladde_:r :r.u,ng_s m'a_y be TRUE at the same time. 
Also, the ladder rung·S1: ·1iLk.e -the relay logic paths, are 
all strung in parallel b'.etw:e·en what is called (+) and (-) 
voltage bus bars so there .. a.re many start and finish 
points. 
4:0: 
:·o,.: 
) . { 
The solution to these problems is to use the basic 
features of the AHPL system, but define individual flow 
diagrams for each subfunction, and tie all the start and 
finish points together at the (+) and(-) voltage rails. 
There are only two user considerations necessary with 
this sequential type flowcharting method; precedence 
relationships and the establishment of common logic 
block break points between the subfunctions. 
Precedence relationships demand that whenever an output 
from one LFD is used in other LFDs, the LFD providing the 
output must precede those using the output. Most 
manufacturers provide ladder rung output cross · 
referencing in their ladder logic software packages which 
allows one to verify that precedence requirements are not 
violated in the control program. However, it is best to 
eliminate as many of these violations as possible in the 
LFD design step, or substantial amounts of time may be 
spent re-sequencing the control program. 
Subfunctions in hardwired logic schemes often branch from 
a common contact strings or end with common elements and 
derive their individual characteristics somewhere 
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in-between. Sometimes a control relay in the middle of 
a function is used by many of the subfunctions. If the 
user is careful in selecting his logic groupings for the 
individual logic blocks of the LFDs, he will be able to 
use many of the same blocks in each of the subfunctional 
LFDs. This will be of: t.-r-emendous benefit when the user· 
tries to recombine th.·e pi,Eac·$~ c,.f the function into one 
functional LFD . 
. Th b t 1 . · t .·b . k . t th.e 1 . ··· ' . .h 
· · .e: . _e-s · -P-· aces o: · tac. ---~- · . ·og1.c gr.oup1ngs is w e-re 
.multiple subfuncti.ons us.e a l·og·ic·. :path. This usual1·y 
occurs in series ·co:nt.·~ct strings between pa-.rallel break 
points. Whe•rever c1 p.arallel string forms, it is an 
indication that log±d specific to. only one or more 
_sUbfunctions i:s ·st·ar·ting. Further parallel breaks 
indicate additiona,l ·_s::ep·a-rat.ion .of subfunct.io.ns, until 
finally the·-re i·s: a: r:ec.omb..it1a·t.i_on at the f.unction. 
·u.s·ing· this bra·c:k:_e·t.J.ng ·m.ethaq ;w:;t_i1. gu-a·-r.artt-e.e- p.od~nts-. of 
reeombina-t:i.on betwee·n. ·the· .su.btunct·i.on·.s .a·nd memory: sav_i·ng::.~ 
when. the· oontro:t p-r:og~arn is cr·e.ate.d. ·one must reme.mbet 
t·o never :ma~e otte o.f these :g·-r_o:up:i.n.g:s larger than the 
contact matrix· :1i:mi.·tation: o·f the' PLC: 'br the matrix break 
. . .. . . . . . . . . . . 
. . .. . . .,· . 
#. 
\ 
) 
..... 
logic blocks and ruin the correlation beteen the LFDs and 
the ladder rungs ... 
An understanding of th:.e: c:r:eat.:io.n and use of LFDs can be 
obtained by reading th.r:oug_h ·the examples of Chapter V. 
Chapter v also. show·$ t;.1:t.$ pypass of the LFD steps for ~a 
simple conversion ... 
The LFDs are :not. c.ompI.e:tte un·t:i:l the subfuntional LF.Ds 
are combined in.to fun.c.t·io·na.·1 LFDs. Functional LF:·Ds are 
necessary fc:>"r ·.r·eiatin.:g ·t,ack .to hardwired logi.c :s-:c:hemes 
' 
which are laid out: ,on. a :func,ti,on b:asis. More 
.importantly, progr·amnring· l.adde:r rungs from subfunctional 
LFDs would great.l:y :Ln·cr·e .. asie t·h:e ·m·emory requ .. i.rements of 
·th:e PLC and sl·ow the: ·.oont.r·o·l. ]proce:s:s .. Aimost: a:1:1 of the 
sub·tunction.a:1 -r.;Foe for .a. ft1ncti.:on w:ill have. :co.nun.on logic 
elements in the l.o_g.ic :·p·at:A$·· -I:f·: the. us:e.r :itrtell·igently. 
segmented these logi:c;: b.l:.ocks- i:ri ea.c't1 .$ul;f£·u11ction, the 
sub functions will. t>:ft·en mesh in·to. a ·sing·1:e LFD for the 
function. Th.1.·s· will ·Prevent a commo·ri lo,g:'J.c string from 
being loaci:ea: .i.nt.o t:he control prog:ra.m m:u:ttiple times. Ir1 
·.~· 
I 
the PLC scan speed is dependent on memory use, will 
maximize the control function speed. As will be seen in 
the Chapter V examples, there will be more than one LFD 
per function when control relays are used or special 
devices are being controlled. 
Step 5: Establish Break Points 
If there would have been no software limitations 
identified in Cpapter II, the LFDs or relay schematic 
logic could now be loaded directly into a ladder control 
program. However, there is a conversion mismatch since 
there were contact matrix limitations identified in 
Chapter II, but no limitations were placed on the number 
of logic elements in an LFD or on a relay schematic. 
What is needed is the identification of break points that 
will allow the logic elements to be programmed into 
multiple ladder rungs. Location of these break points 
will be dependent on the manufacturer chosen since each 
has its own contact matrix size limitation. 
" 
The method of assigning break points is to start at the 
(+) V voltage rail and either work down to where the X or 
Y matrix limitation is reached or, if reached sooner, a 
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point where parallel branching makes it more memory 
efficient to break at this point. Alternative. memory 
•, 
efficiencies can be determined by assigning a memory use 
of one unit to each element and five units to a rung 
coil, and seeing if the memory savings of breaking at the 
parallel path and supplying one contact from this rung to 
each parallel path rung oft$ets the inefficiency of 
1;:>r~·aking before the r.ung matrix is full. 
Thi·s idea is best expla.ined through the use of -F.igu_r·e 
• 
4-:2. Assuming a 9 x :7 ,matr-:ix limitation, th:e· f-irst break 
p.:o:int may either be. set a.fte·r the first 1og:ic bl·ock (A 
thru F) , or may be set .aft:~r the ·second set of logic· 
blocks. In the first cas·e, :t-lte first bl·ock r·ep·resen:t~-
the first ladder _·rµog· and- the output cont-ac't ·f~o_rt\ thi.s 
.. . 
each parallel path. lP the s·econd. cas,e, the .:s.ix' logic-
elements in the fir·st, b:loc:J< would b-e rep:eated .in _ _. :each- o:f 
• 
the three rungs n.eede.d f··or ·th-e p·a·rallel bra.nche·s. In 
.. 
this example it is .mo·r:e, mem:ory efficient t·o b:reak after 
the first logic bl,ock than t-o wait unt:f.I. th:e matrix 
blocks. 
4:-5: 
·, 
The two methods described below can be used to establish 
break points. Both work from(+) V rail to(-) V rail, 
but they differ in how the user builds to the final 
functiortal output rung. Method 1 builds on the output of 
the previous rung, on~:rung at a time, until the 
fu.nctional output is r,eache:d, much like the most memory 
.e.£ficient alternative .in·· .F·igure 4-2. Method 2 ke,eps the 
.-:rµn.gs ipdepende·nt ·then uses the outputs o·f :ea·c·h to form 
the functional :r .. ung. Method 1 is a· mo·r:e cohesive method 
with the f.low ·-~nd connection between t·h:·e ·rungs evident 
throughout ·the ... 1·a,dde:·r·. .Method 2 may have .a m~m.ory 
sav±ng_s, ,fn. large-r f·unct·ions·· ·since there is no reduction. 
in the c-ontact: ·ma.tr ix. re:qu·i:reci ~ Botn m.etAods are 
.i.dentical up to- the fi:rst ·b.re~tk point:. ·irhe method o-f: 
~hoice is more of a u~er p~ef&~ence than a technical 
oons·ide·rati·on.; how-eve:r;; :it a.ppears that Method 1 is 
bett.er s.u-iteo. ·to long s.·e.:r:ie:s :strings .a·nd that Method 2 ..
s:·fmp·l.if-ies: t,:he. ·corivex·s.ion of :f~nqtions ·with many parall::el 
6 
l:>.r-anche·,s :• At. ·times,. it is more memory .ef f'i.c·ient to ,use ·a 
combin.·.ati.on o.f the two methods, :but t·his comp'l.icat·es th·e 
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Break Point vs. Memory Use Example 
FIGURE 4-2 
47 
• 
\ 
Method 1: After the first break point is established as 
detailed above, subsequent breaks are identified in the 
same fashion, except that the matrix limit on series 
connections is reduced by one. This will account for the 
rung contact coming from the previous break. The output 
contact from each rung is used as the first contact in 
the succeeding rung. 
Method 2: All break points are established in the same 
manner as described above for the first break point. 
There is no contact usage between the rungs used to build 
the function. When conversion from LFDs to ladder rungs 
is complete, a separate rung must be established with an 
output from each of these rungs. This will be the 
functional output rung. 
Both of these methods are explored further in the 
Chapter V examples. 
Step 6: Create Ladder Rungs & I/0 List 
The~e is one important point of confusion that must 
always be considered during this step; the sense 
(normally open or normally close) of the inputs. The 
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LFDs are mimics of the hardwired logic elements, 
including the sense of the input contacts. The confusion 
~. 
lies in where the sense of input is cared for. The user 
must either assume that all contacts will be connected to 
the PLC with the sense sho~n on the relay schematic; or 
t·hat all inputs will have- a. ·no·nnally open, or FALSE. 
s:-e·ns_e,.- ·The fo-rmer means t_-hat- all,_ input point-s: ·in t·he 
control prog-ram ·mu:st :be- ·-sho.wn a.s normally op.en. con:t·ac:t:s·:_. 
The latter means t:h·at t·he NOT-· o·perators s·h.own in th~: LFo·:s-
must be handled :.i:n the -co.ntrol. program as ·norni:ally c-los·e·a· 
¢-.otitact:s=. If the .user i:np.ut_s. a n-orma:1·1y cl·o_s,ed. ·conta:ct: 
:t·.o tfie ·PL·c :and al.-s:o_ ex_p.r.e·.s.s::ses ·t.hj>s: logic .e_ieme.n-t in· the. 
cro.ntr-ol pro.gram as: a· ·no:rmal:_1:y· :c:io.se_d: O:"ont,ac.t., ·th.e resu-1.t· 
·wi..I.l be an incor·re·ct: lo.gic f?.ens.e. irr1i:s: rt~ed not cause 
:g··reat diff icul t_)'1 :put :the= us~r- :mus·t. :d.$d·ide at this point 
·tiow· pe wil 1 h·anq_le tn..e -~-ottia:l. I/.0 ~ 
If the ·p·:t·c;,ce¢1.u_:re.;; ·,tn,d. l:iJ11i-.t·at:ions o\it.ll:ned µp¢v~. and 1·n 
the preceding S't·eps ::w·e,re t,o:l.J._owe·d :t·h·e conver·s.i.o.n t·o 
ladder rungs .i.s· -n.ow-· .a :f·a.ir·l.y ·s:i·mp·l:e ·st:ep .. 'F=or relay 
schematic l.o:·gi-o c,on-ve-rsi-o,ns., ··tb.e' us::e.:r. ,simply mimics the 
elements .a·nd. co.nne·otio·:ns ·:betwe-e_n the b:reak points.~. 
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programmer establishes a series or parallel rung 
connection, respectively, between the two logic elements. 
The NOT symbol is decoded as a normally closed contact, 
but is only used in the control program if all inputs are 
specified. as norma11·y open contact-s clr normally FALSE 
voltage 1-evel-s-. :I·f there a:r.e multiple logic blocks 
between the break points, ·th.e ·1i:ne connecting the blocks. 
is treated as a series connection-between the last 
.. 
element of t:h.e. ·1;,10·.c·k .c:lo:ser to the (+) V Bus and the 
first eleme.n·t of the $uc::c:eed:ing block.. :BY working from 
the (+) V rail ·to t.;t:te :(-) V· .rail the rungs wil_l be formed 
in their proper p~e.-c.ed··en:c~· and the series of: ru:ngs will 
culminate in a rung· ccn·ta-ining the actual functi·on output 
c:o_-il. The .:f.ornt.at··fcn o·.f t'he ·a·ctual 1-:_ad:der rungs· must only 
:co,nsid.e-r whi_c:h .method:,- :1 or. --2.,. wa-s use·d. ·to· e.sta.-blish the 
:break· · i;roJ .. -nt,s .• 
While, c,rea:t_i-ng· the .ladd.er -r-u:nc~rs, t-h·:e.: 'US:er _a.lso ·s::h·otl'ld 
:build an I/0 list4! -At. the- :minimum, -this list:. :sh.o:uld 
· consist of the input :qr, output po-i-nt nu11tlJ:er· us_:ed in the 
control program, tne ;I/0 point r_elay logic designator 
and a brief description .Qf the- point. It could -~l•o 
include the interface :sign,al :ieve-1.-. This list. will 
prevent the user fr.om ·c.o·n.ft1s-ing o:-r reusing I/0 points 
5 ·o· . . 
=~. 
... 
·' 
when builC,ing the control program and aid the user in 
docUJJ1enting the ladder rungs.· It will also provide a 
ready list of I/0 requirements when the hardware 
implementation phase is reached. Examples of I/0 
listings are contained in Chapter V. 
step 7: Test Ladder L·o~::ric control P.rogram 
As· .s·t·a-ted .. in. tJh .. apter ·I·r::,f f.O.::r th'e purpos··e.:s. O:f this p.·ap.,er 
.{.t. i's ·as·s,umed t.ha:t. tlle: t:e·st f:un:cti.:on:,.s- _prov:ia·ea b:y th:e 
.m.attu.f.act?urer ar·e· :s.uf:_f.:ic·:ient . :r.rn·e ti$.er· s:i1oill·d· ch.ecJ, a·1:1 
tu:ncti:011:a·,1 1:.ogi.¢: paths, off:-'li:ne,: :agai.ns,t. t·he re·1,ay 
s:c·nein:at.i,¢ ·to· .e:n~ure that ~r:.ro:t.~. ·c::·atised b,y ·breaking tlJf!. 
iogJ..c ·t>:atns into rungs ar".<~ corrected b·e:f ore the contr:c)l 
·p:rogZ"am. :iS.: loa·ded into the corttrt:>11:e:r··. 
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CHAPTER V 
s··w:ITCHYARD CONVERSION EXAMPLES 
·The previous chapters described switchyard control, the 
PLC system and a conversion process from hardwired 
control to ladder log.ic. This ·chapter builds on the:s·e 
'ideas by working through th-e conversion of three 
switchyard control schemes. The three schemes chosen 
represent diffe·rent levels o .. f c:ontrcrl complexity. The 
first, circuit breaker tripping, .consists of only contact 
strings and :simp:ie .r:e.l·a:·ys·. T-he ._s::e:cond, primary carrier 
contro-1., :is: m~cle- ·~p- .qf s·.impl-e ·a.nd ·ti·m·ing relays.. The 
':l:h.ird, circui.t brea:k:er recl:osing·,. con·tai-ns simpl·e; t:--im·.i,ng-
and control relay$.~ 
All three examples a·re b:ase.d, on $chenle.s. used at a 
standard S-t·eJ? 2· single bus: -s·wit.cliyard:_, s~·$ :Figur·.~ 5--·l·.·· 
step 1 o:f th:e :c:onv:·ersioil .prac:es::s i·s ·b:¥,_pa.ss·ea i:n the-Se· 
examples _bec.ause .i-t is: assumed t;h·at ·they we·re :alr:ea·d·:y 
.. 
chosen for conversion .. Hdwever, note that in the first 
two examples dec.isi-ons were. made _in Steps 2 a·nd .3· to, 
leave portions .o:E t.he f'1:ncrtions: hardwired ... 
,, 
UI 
w 
LINE 2L 
\. 
...-----~-------... LINE 2R 
MOAB 
Cl 
2R 
MOAB MOAB 
230 KV BUS 
TRANS 1 T 
Step 2 Single Bus Switchyard 
FIGURE 5-1 
MOAB 
TRANS 2 
l 
.. 
Circuit Breaker Tripping 
Since the function has already been identified for 
conversion, the next step is to prepare a functional 
specification. The best format for doing this is to 
start out with -a sho:r·t _p:arag·rap'h .. d·es·cr·ibing the gene-ral. 
attributes of the fun:c.ti_o·.n a-n=·d pro-vide. the details O:f· 
each subfunction i-n: outl:i'ne .form. The outline form wo.tks 
particularly well becaus·e: ·an :a_naloc~J°y· can be drawn betwe·¢n 
its form and the series a.n.d para·1:1.-~l b:r~-nc-lles of the. 
relay schematics an.d: ladder c::li'.ag:rams_. ·T-he outline fo·tJn: 
can also be used to bt·eak -c>U:t :indivi·d:u..al sub functions·. 
Each subfunction. c·an be ass:·i_gneq ·a· :Rom~n numeral for 
,spe·cific ident.if·i:cation,.. The:n, .e'aCh level of the outline 
(A. , 1. , a. , etc.) c-a--n: be t:h"C:>:u:gh-t .of :a·s an AND connection 
within the subfunct.io:n_ .. · r·tem1s g.-rou.ped under eac·h level 
would be OR-ed tog,e-:-ther.. T'h_e. functional ·speci_f:ication 
that. f:01_1.ow.s: -di.sp·lays t-nis. outlin_ing met.hog. 
:5 .. 4 
. . . .. . . 
.. 
Circuit Breaker Tripping 
... 
• • 
w· Functional Specification 
The 230 kV circuit breaker in Bay 2R (CB-2R) can be 
tripped locally by the control switch, 
automatically by operation .. of the line or 
transformer protective rel.·ay·, o.r· remotely by 
supervisory control. 
I. Local Tripping 
A. CB-2R will t~::i:P if CB-2R Control Switch 10:1 
is mov~d· to th.$ TRIP position (101-T) 
·II. Automati·c· ·Tr·i.pp.·ing. 
A. cB-2.·R: ,w·i11. t·r·ip au:t:9: 1:·f, tb~ :aay .2-~: L.i:n~. :MOAB 
·:1 .• ·Line. 2R Jlrirnary r·e.Ia:y·ing operates 
'2: .• Line. 2:R, J::>ac:k-·up. re,Iaying operates 
.3:'. :Li·n.e .2·R: bolted. f.a·.ult .relaying operates 
4: • D'·irect :T .. r:·ans f·e,r, ··Tr·i.P. is. r·e·ceived from 
Line 2R te:m:ot·:e .. :te·rm:i-ri:a1: 
B. CB-2R will t,.i;i°!} auto·: if' tb.$. B::~.Y: :~:µ :line MOAB 
is closed AND:: 
1. Li.n,e :2,·L ·print:a·r,y·_ .. re.la_;yi.n9"· o·pe:rat.es· 
:2. •. L:in:e. 2::.L b·a:.ck.-uP J:--·e.:l.ay·i·ng· .o.pe·ra:te.-s 
:3· • ,Li.ne, -2-::L.: bol-t .. ed .. f.a.ult. ·.r.e·.:l·a.y'i~_ng· _oper·a·t:e·s 
4. Direct Transfer Trip is received from 
Line 2L remote terininal 
c. CB-2R will trip auto if CB-2R ~reaker 
failure relaying operates. 
D. CB-2R will trip auto if Tr:a~ts:tq:pn.¢t 1 2.3.0kV 
MOAB is closed AND: 
1. :Transfo ..rme·r l f:au.lt pressure .r:e.1-ay· 
ope:rates 
.3 .• 'l'r=a·ns:fo:tinf;!r :_l _69 kV breaker failure 
:E·. ca-2R wt.11. tri:p ,~u-to if.· ,T:r.a:tls':f:"b._orte:r 2 .230 kV 
MOAB i~ ql_osed AND: 
op.erate,s 
3,. T.:ran_s:form.:e:r .. 2 ·6·9 .. kV .break,er failure 
o.perates .. 
I:I:I:. ·Remote Trippi:ng 
-~--~ CB-2R wil.l trip by remote: ·c.o·nt1:0·1 if a 
f;\lpervisory cont.r.o-1 t.;ri_p sig·n~·:1 is recieved 
from the system o:p·er:~to:r;. 
5:·6. 
;. 
., 
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Figure 5-2 con ta.ins: the relay schematic for this 
function. From this figure, the functional specification 
and knowledge of switchyard control requirements, two 
things are evident. First, safety concerns dictate that 
local tripping be left hardwi·re.q directly to the breaker. 
Second, the complexity o:f. this· .sch.eme does not warrant. 
the creation of LFDs •. , It ±:s si.mpl.e enough to add the 
.;t""~quired break pain.ts to ·th·e ··relay schematic and· .c:oin·vert 
.directly to PLC ladder rungs. The break points shown i:t); 
'!'. 
Figure 5-2 are used :to c.-reate the three ladder rungs in 
the diagrams of Fi:gures 5·-3A and 5-3B. In this .exatttpltai· 
all input cont:ac-t-s. ·are .ass.urned .. :norma.lly open an.d the 
.sense o-f the input required. fo·:r the function is handled 
in the control progr.am. 
s·am.e: f.unction .i·s to. show the compar'is·c,n between an 
undocumented and dqcumen·ted ladder di·agram. The only 
differences between. Figures. s~JA & 5-3B is that 3B is 
fully documented t·or this. function using r.:e·lay schematic 
documented to ·aid. th.e. us:er.-.. Correlati.:rlg: F:i_g.ure 5-3B to 
the relay s·chema'.t.ic .is. fairly simple; ·1,.owe.ver; 
... 
:5,7 
correlating the relay schematic to Figure 5-3A is 
difficult. 
:Figure 5-4 shows the r·esulting I/0 listing for the 
ladder. Creation of this list will be of great benefit 
when the actual hardw·are :implementation is accomplished. 
It identifies the anunount of: I/0 required and, if 
de.si.red, could ident·f fy ·the type of I/0 module needed 
'(i .• ~ ... ic-D~ voltage·,. DC c:,urrent, dry contact, etc.). 
Note that there a.re IJlany para:1-lel paths in this function 
and that Method 2 w·as. u:sed to :es-tablish the break points. 
There were no.: iad(i_tar. ru.ngs.: ·creat.e.d ·.for subfuncti.ons II-C 
o:r· II-I :from. the qu:tl.:in.e above ·si.noe only one or twe>. 
contacts we~e- requi.red :fo_r ea.ch and t·hey could: he ·ea:$.il'.:Y. 
added to th.e, :f.µnct·ion. rung. 
·The: ofil.y ·rema·i.riin:g· step wou-ld be to test the functio·n 
us:·±.n·g ·the· s·e>·ftwa·re ·-t.oo·ls. supp·i-iec;:i by the manufactur:er • 
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Breaker Trip Function Relay Schematic 
FIGURE 5-2 
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Breaker Trip Ladder Diagram 
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FIGURE 5-3B 
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LINE 2L AND TRANS 2 TRIP INITIATE 
LOGIC FOR CB-2R 
Fully Documented Breaker Trip Ladder Diagram 
FIGURE 5-3B (cont.) 
62 
• 
1 
• 
I 
• 
I 
• 
I 
• 
R 1BAY 2R 1 
, U I TRIP CB-2R 1 
N IIDGIC TRIP 1 
G ICR006! CROOOll 
I-] [--+-----------------------------------------------------------------( )-1 t Ill 1 1 
1 1 
I BAY 2Ll 
1 TRIP 1 
3 !LOGIC 1 
1CR0066l 
1-1 c--+ 
1 #2 1 
1 1 
1BAY 2Rl 
lCBFAILl 
1IN00191 
1-] [--+ 
1 1 
1 SUPV 1 
1 TRIP 1 
1IN00201 
1-] [--+ 
1 
1 
1 
1 
1 TRIP COMMAND OUTPUT TO CB-2R 
! DOES NOT INCLUDE LOCAL TRIP 
1 
1 
l 
1 
I 
• 
I 
• 
I 
• 
#3, 
Fully Documented Breaker Trip Ladder Diagram 
FIGURE 5-3B (cont.) 
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PC I/0 
NUMBER 
INOOOl 
IN0002 
IN0003 
IN0004 
IN0005 
IN0006 
IN0007 
INOOOS 
IN0009 
INOOlO 
INOOll 
IN0012 
IN0013 
IN0014 
IN0015 
IN0016 
IN0017 
IN0018 
IN0019 
IN0020 
CROOOl 
CR0065 
CR0066 
RELAY 
DESIGNATOR 
94/P-2R 
94/Bl-2R 
94/B2-2R 
94TT/Al-2R 
89bx/2R 
86BF1Y 
86/TD-Tl 
86/FP-Tl 
89bY/Tl 
94/P-2L 
94/Bl-2L 
94/B2-2L 
94TT/Al-2L 
89bx/2L 
86BF3Y 
86/TD-T2 
86/FP-T2 
89bY/T2 
86/BF-2R 
SUPV TRIP 
DESCRIPTION 
PRIMARY LINE 2R CARRIER TRIP 
BACK-UP LINE 2R TRIP 
LINE 2R BOLTED FAULT TRIP 
LINE 2R DIRECT TRANSFER TRIP 
BAY 2R LINE MOAB "A" CONTACT 
TRANS 1 69 KV BREAKER FAILURE 
TRANS 1 DIFFERENTIAL RELAYING 
TRANS 1 FAULT PRESSURE RELAY 
TRANS 1 230 ~ MOAB "A" CONTACT 
PRIMARY LINE 2L CARRIER TRIP 
BACK-UP LINE 2L TRIP 
LINE 2L BOLTED FAULT TRIP 
LIN1E 2L DIRECT TRANSFER TRIP 
BAY 2L LINE MOAB "A" CONTACT 
TRANS 2 69 'KV BREAKER FAILURE 
TRANS 2 DIFFERENTIAL RELAYING 
TRANS 2 FAULT PRESSURE RELAY 
TRANS 2 230 KV MOAB "A" CONTACT 
BAY 2R BREAKER FAILURE 
SUPERVISORY TRIP 
TRIP CB-2R 
BAY 2R TRIP INPUTS 
BAY 2L TRIP INPUTS 
- .._ 
Breaker Trip I/0 List 
• Figure 5-4 
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Primary Carrier Con-tr.0·1 
~rimary carr:ier contro.l is used·: .in ·c.on:ju.nction with the. 
primary line relaying. It .cont·rols ·communications with 
the remote- 1 ine terminal t.o determine. :whether breaker 
tripping by the primary re·lay sch_e·me .sboUld ·b·e permi.tt.ed:_.c 
Figure s-::s: contains the relay schema·tic ·for thi.s. 
·function. As you can see, the main interac·ti.:qn. is 
between the contact/relay logic strings and t.he 
tran$m:itter/receiver cha·ssis. 
·'Flt¢ :f:u11 ·sp.ecifi.cat·.i,on :of this function _i:S t,c;.:t-t·:1y :l:o:n9· 
·a1td .i.s, th·erefore .. ,. :n:o.t ·included in the Qc;,q.y· o:f. th·i.s: 
pa:p,e.r·.. .It ·is :s·u.f:fi.c·ie.·nt tc:r nc:,,te: ·that tlle: :Crea·t,ion and. 
f:a·rmat of the- functionai specfif:±cation WPU.lq. ·µ.:e s·im:i:1:ar 
·to that of the f·irst examp.le= .. •: 
the subfunctions is prov:i:d:e·d •. 
. ' 
In its plac~·,: .a listing of· 
The main thrus·t· of this 
.. -.. . . . .'' 
.:e·).C·:a.mple is to· show· .the identi.ficatio.n .qf· :!Subfunctions on 
·,a .re:·lay sc:h_ema.tic a.nd the cre:ation o::f LFDS for s:impl.e.: 
subfuncti:.ons ... 
:I-n· ·t:hi:s :parti.cu·l~r function-, t.h·e: user is aided in the 
:±cie:ntification· o:_f subfunctions by the interface points of 
·the device :b.e.ing controlled. Multiple connecti.ons to a 
·6 .. 5' 
device are usually only required if they each serve a 
separate purpose. In Figure·5-5, the purpose of each 
connection is shown in the representation of the carrier 
T.ne user mus.t a-1·ways attempt to: s:imp·l-:i-fy ·the function h'e 
. k 1 . ·t·h· 1s wor 1ng 'W1·. • .• one method al-reaa·y- identified is to 
break the function into more manageble subfunctions. A 
,se.cond method that will be useful with this function is 
to tit~t identify the areas or connecti9ns that can not, 
or need not, be repl i.cated: :in- th:e P.LC. In this scheme, 
the carrier set supply ~ow~r, grounding and connection to 
the line tuner are :ite:rns: t:'.Q~-p cannot be provided by the 
P'.LC and should, tlleref.o.r.e., -be i_g:nored as items that must 
·r·emain hardwited •. Thi.·s .a.11-o.ws t-,he ~os i NEG, COM, · GRD an.a 
t . I .·.· 
,J_-·_:_2_ 0 .. 1.. · · t·· ·-··· ·to b.e 1_·.g,,-n ..• o .. red_· __ •._ • . c..onn.ec·. · 1.9:ns. 
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Carrier Control Relay Schematic 
FIGURE 5-5 
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Care must be taken not to extend .this concept too far. 
The switched positive and negative power supply 
connections (SW POS & SW NEG) for the logic strings will 
not require a separate LFD, but there will be an 
equivalent function in the PLC. In the schematic these 
connections provide a means of deenergizing or disabling 
the relay logic. In the PLC, the SW POS logic element 
could either be added to each ladder rung, or the PLC 
SKIP function could be used to bypass this portion of the 
control program for loss of the SW POS input. The PLC 
needs only the SW POS input to accomplish this 
subfunction so SW NEG can be ignored. 
The remaining connections to the control logic may now 
. 
be identified as subfunctions. They are as follows: 
I. Carrier Start (START) 
II. Carrier Stop (STOP) 
III. Carrier Receive (RECEIVE) 
IV. Transmit Indication (XMIT IND) 
v. Receive Indication (REC IND) 
VI. Reduced Power Transmit (RED SEND) 
VII. Reserve Signal Indication (RES SIG.(+) & (-)) 
The Reserve Signal Indication and Reduced Send 
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subfunctions should immediately be identified as 
remaining hardwired since it is obvious that there is no 
~ 
practical way to provide these subfunctions using PLC 
control. This leaves the first five subfunctions 
identified above . 
. I,dentification of tlle :above 'ti:VE;!: -s.Ub··f,.u-rtctions still 
leaves the four logi·c paths to t:he ri·g:ht of the 
schematic. The l.e·ftmost o.f thes·:e :four paths contains t-he 
coil of the GD1X r·el-.a::y a·nd- b-rings u-p the point discussed 
earlier that ther.e may be situations where conversion to 
PLC control is .o:f :no. be·:n.efit. The sets of :doub:le arrows 
.i.n the logic _paths indi·cate th::at. ·a·l-1 connection-s betw..een 
·t·hese point.s .are h·ardw·i:reo. i.nterna:1 to that device a_nd 
are only· ava.,:i.l.a:ble a·s .g 1¢,gi_c st.-ring at the tepni·na.1 
poin..t-s $.llown.· rre:x.:t ·t·o ·t:J1.$ a.rrowsi. The:t.~ i.S· n:o b·enefit in 
cony.ert:i.~ng. thi_s log_.i¢ :string· to. PLC cc,nt:rcll.i :so. the GD1X 
cctil should remain hardwired to the carrier set~ OnlY 
The remai_p.i·ng· three logi.c paths form the C.a:rrie:r 
Checkback sub·func.ti·o·n.. Note that when th·e PLC replaces 
.the simple relays· :shown, t:he. :main conta,ct that starts 
carrier Checkbac]{ :(~){:) ·w1:·1.;L a-lr·ea.dy l:ie .available from ~ri: 
6"9 ··~ 
• 
ealier ladder rung. Since only one function can be 
provided by each ladder rung, three rungs will be 
necessary to replace the three timers used in the 
checkback scheme. 
·Throu<j:ri- ·know.l.edg.e of th·i S· d.evj~c·.e ,. t·h.e ~EC:e=·.lVE, R:EC.: r·N·D.;. 
XMIT· ·I.:ND ·a:rrd ·sw ,p·o,-s: :int~rf~ ..ce po.i.ni·.-s c.a:n. :be: ±·dent.ified as 
:input.a· to th·e. PLC·. ··Tp.$se wi.11 s:h'ow .u:P as ·1agic elements 
1)1. t.t~·e L.fDs.. The :START, STOP ·an·d RED SEND points will be 
cont.·rol out·p:ut:s f:roJtl ·the p.t·c ·an.d appear as the functions 
·c·ontro1·1ed by the. 1.ogic bi:l.o.o·ks .in t:he .. Lf.Ds. The 
remaining subfunctions.,.. sJJ.C°tl a.:s. carri,er checkback, will 
work through the. t·h.r.ee: rcta·in· :co·n·t:rol 'outputs since they 
have no direct. c>o.nnec..t:i:on t-c~ ·the ·device· :b·e.·i.ng 
controlled. 
Figure 5-6A thru 5-6G show ·the J:JF:os £'or· :this·. ,:fu.nction. 
In this particular case, ·ooinb·i·nin.g :th,es .. e LF'I)S: into a 
1nor.e memory etf·ec··iept: f:u:nc·t.iona'l 'L:FD:{s) is imposs·ib.l·e 
·since the s~bfunc·ti.ons are n:c::>t: w:or:king toward ·a. co,innron 
output. Each .carr·ier o.o,ntrol .subf;unction i.s ac:ti.ia:11.y· 
working as a separate. tu·n:c.-t·ion vtit:h.i:n the function. 
This problem will :O·cc:ur an·y t:im:e a function is defined 
that encompas,s·es :mo·re: t:han: one control action. One can 
7(): 
either accept this fact because it is c6rtvenient to 
define a certain control area as one function, or one 
can define each control action as a separate function. 
The latter is not recommended since it does not decrease 
the amount of work required but may fragment the device 
control to the point that it is difficult to understand~ 
Note that since this is a s·tan.d.ard contro:I s·chem:e., it-: is· 
set up for either .mast:er· ·or remote carrier c.h:eckback. 
·Thi·s· c·an be see.n in ·Fi·.gure 5-6A where o·n1y one of the 
I 
do.tt:.ed boxes- wou:ld. ·b.e .. us·ed.. Als.o in this figure, note 
th·.at und·er: .no·rma.l co·nditions with switched Positive ON 
·and the CT-S s:wit.ch ·i-n. the norm:a·1 (NOR) position, START 
wi.1.1. b:e en.e.rgized. ·T-hi:s is· c·.o.rre·ct .s.ince this is :a 
·negat,ive logic input t·o th-e ,c:ar·r-ier :set. This points out 
the :need to fully ,u·nd·e·.rstand t.he c:ont:rol sch.eme before 
at.tempting its conve:rs:.ion. 
Understandi.ng the i.nte·r.f.:ace to a carrier .set:.. ·all-ow.s: one 
t:o combine Receive :an.d _Rece:i·v.e Indication ·a.s. ·qne L·~J)~-
Tbe only reason two :inter~a.qe., poi-nt$: are p~oviq.ed: ·on the 
c::arrier set. is b:e·cause :t.he. m:anufa_cturer provides for two 
se_parat-e :rel.ay$. Of· dt:f:f·erent impedence:,s. ·This point is 
. ' ' 
·cove·red ·1;>y 'the. :rung d~scriptions in: ·Fi·g·ure 5-7. 
:7·:·1·.· 
., ' 
Figure 5-7 .shows the resulting control program for this 
function. switched Positive is used in each rung where 
needed instead of using the SKIP function since there is 
equal memory use either way and the SKIP function does 
add a bit more confus i·on t.o the control prog·ram. The 
most interestin_g point ·f s the precedence of :the ladder 
rungs. Note that the ladder rungs do not .co:rrespond 
Ila 
respectively to Figures 5-6A thru 5~6··:G. This is due to 
two reasons. First, the ladder logic program. did not 
have a Time Delay Dropout' (T:ooo:) Timer feature and, 
the ref ore, it too'k.- :mult:ip.1.e r1:1ngs to mimic this func-ti.,on. 
Second, t;he following prece-d·en·ce· r..e-I'a·tionships had tt> :be 
obserV.ed ·to make.: the 1-ad:.d·er operate correctly. 
:o C·arri.er Rece:ive: mu.st precede Carrier C.·heckback. 
o ·car:r:-ier dhe:ckb:ack m:ust -prec·ede Carri.er- start. 
O· :Carr·ie:r Ch.eckba-ck r.u:n:g.s mu·.st be i:n .. t-h.e: following 
order:· :CBl. ;:: C:B·2-; .c·.B .. 3- •. 
In this examp·:l_e:,_ all· in:puts: are a·s:su.med. :n.ortna_l:ly op·~:n 
·with the: input: s::_ense h·andiecf ·b·y t:he :con-trpl p;rqg~am. 
Figure s-a c.ontai.ns. tne I/O .1.i.st.i.rtg. It build:s· on· t,h:'e' 
list. conta:ined ·±n .·b_re.a)<e.r t:r.i·P example (Fig·ure ·s.-.4.:.).: by 
using the nex·t :avai.l.ab·l.e .i11pot.1t ;and output point·s. The 
. 
• 
,.. 
control program for this funq·t:.··.t.on: a:'ls·o uses I/0 point 
. 
numbers identified in Figure· ~:~4 •. 
7·3 
... 
SW POI 
17N/GD1X • 17N/G1 • 21/A:8:C 
CTS-1 
_____ __._ _____ _ 
C91 C82 • C83 
-- - - - - - - - - - - - - _, 
f i
~ 
. CARRIER START _ 
Carrier Start LFD 
FIGURE 5-6A' 
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,, 
C+) V BUS 
C-J V BUS 
- , 
. 
87N/G01X • 85/GX 
CTD-T1 + 
( 
~· 
SW POS 
. 
88BF/2R * 89a/2R 
FP-Tl + BF-Tl) 
• 
89a/T1 
CCS-ON 
I CARRIER STOP I : 
carrier ·stop LFD 
FIGURE 5-6B 
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C+J V IUI 
85/RI 
85/MX 
C-l V BUS 
C+) V BUS 
SW POS 
RECEIVE 
I CARRIER RECEIVE ii 
(-) V. BUS 
Carrier Receive LFD 
FIGURE 5-6C 
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• 
TRANSMIT INDICATION 
r.:=======~======iJ I TRANSMIT INDICATION I 
Transmit Indication LFD 
FIGURE 5-60 
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C+) V BUS 
·J - ) V BUS 
SW POS 
RX 
CTS-NOR 
C83 
CARRIER CHECKBACK 
CB1 TIMER 
ti 
Carrier Checkback CBl Timing LFD 
FIGURE 5-6E 
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C+) V BUS 
C-) V BUS 
r 
I 
SW POS 
CB1 
CARRIER CHECKBACK 
CB2 TIMER 
Carrier Checkback CB2 Timing LFD 
FIGURE 5-6F 
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C+) V BUS 
(-) V BUS 
---- I 
I 
_ _.. __ ~ 
SW POS 
CB1 
CB2 
CARRIER CHECKBACK 
CBJ TIMER 
l 
Carrier Checkback CB3 Timing LFD 
FIGURE 5-6G 
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(+) V BUS 
(-) V BUS 
R l CARR CARR CARR 1 
U 1 SW POS REC!IV REC!IV 1 
N 1IN0021 IN0022 CR00671 
G 1-] [----] [-------------------------------------------------------------( )-! 1 1 
# 1 ! 
1 ! 
1 1 
1 ! 
1 1 ! 
1 l 
1 ! 
1 Carrier Receive and Receive Indication ! 
1 Functions ! 
1 ! 
1 ! 
1 1 
1 l . 
1 2,#1, ! 
1 ! 
1 ! 
R 1 CBl ! 
U 1 CARR CARR CTS CB3 TIMER 1 
N !SW POS RECEIV MORMAL TIMER (TS) 
G !IN0021 CR0067 IN0023 CR0074 +------------+TS0068 
!-] [----] (----] [--+-]\(-------------------------------1 --( )-
# 1 # 1 ! # 8 1 PRES ET 
2 
1 1 1 0003 
1 ! CB3 1 
I 
• 
1 
1 
I 
• 
1 
I 
• 
1 
1 
1 
1 
1 
1 
I 
• 
1 
I 7,6,5,4,3,3,#2, • 
I 
• 
I 
• 
!TIMER !ACTUAL 
1CR0074 lHROOOl 
+-]\[-------------------------------! 
#8 +----------~-+ 
carrier Checkback CBl 
Timer Setting~ 3 seconds 
Carrier Control Ladder Diagram 
FIGURE 5-7 
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• 
I 
. 
R l CB1 SETUP ! 
U l CARR TIMER FOR 1 
N 1SW POS (TS) CB2 1 
G 1IN0021 TS0068 +------------+TS00691 
1-1 (--+-] (---------------------------------------------1 1--( )-1 
# l l #2 1 1 1 
l l 1 PRESET 1 l 
l 1 CB1 1 0015 1 1 
l 1 TIMER 1 l 1 
3 l 1 (TS) !ACTUAL 1 ! 
1 1 TS0068 l HR0002 1 1 1 +-] (---------------------------------------------1 1 ! 
1 #2 +------------+ 
1 
1 
1 
1 
1 Set-up timer tor CB2 
1 Timer setting • 15 seconds 
1 
1 
1 
1 
1 7,6,6,4,#3, 
1 
1 
R l CB1 SETUP 
U 1 CARR TIMER FOR CB2 
N 1SW POS (TS) CB2 TIMER 
G !IN0021 TS0068 TS0069 CR0070 
1-] [----] [--+-]\[------------------------------------------------------( )-1 
# 1 #2 1 #3 ! 
1 1 
! CB2 1 
!TIMER ! 
4 !CR0070 ! 
! -] [-------~-+ 
!#4 
1 
I 
• 
1 
I 
• 
I 
• 
! 9,5,5,4,#4, 
I 
• 
I 
• 
Checkback CB2 Time Delay Dropout 
Function 
Carrier Control Ladder Diagram 
FIGURE 5-7 (cont.) 
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I 
• 
I 
• 
I 
• 
R 1 CB1 CB3 1 
U 1 CARR TIM!R CB2 SETUP! 
N 1 SW POS (TS) TDl!ll TDPU ! 
G l IN0021 TS0068 CR0070 +------------+TS00711 i-1 c----1,c--+-1 c--------------------------------------1 i--c )-! # l #2 1 #4 ! PRESET 1 1 
l 1 1 0005 1 ! 
1 1 CB2 1 1 ! 
1 1 TIMER 1 ACTUAL ! ! 
5 1 1 CR0070 1 HROOOJ 1 1 1 +-] (--------------------------------------1 l ! 
1 #4 +------------+ 
1 
1 
1 
1 
1 
1 
1 
1 
1 
! 
1 8,#5, 
1 
I 
• 
Time Delay Pickup Portion Of CB3 
Function 
Timer setting - 5 seconds 
R 1 CB1 SETUP CB3 
U ! CARR TIMER FOR TDDO 
N !SW PCS (TS) CB2 TIMING 
G 1IN0021 TS0068 TS0069 +------------+TS0072 
!-] [----]\[--+-] [--------------------------------------1 !--( )-
# ! #2 #3 1 ! 
! !PRESET 1 
! SETUP 1 0012 ! 
! FOR 1 ! 
6 ! CB2 1 ACTUAL ! 
1 TS0069 1 HR0004 ! 
! +-] [--------------------------------------1 ! 
! #3 +------------+ 
1 
l 
I 
• 
I 
• 
1 
I 
• 
1 
7,#6, 
Timing for Checkback CB3 Time Delay 
Dropout Function 
Timer setting• 12 seconds 
Carrier Control Ladder Diagram 
FIGURE 5-7 (cont.) 
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.. 
R 1 CB1 SETUP CB3 1 
U 1 CARR TIMER FOR TDDO CB3 1 
N 1 SW POS (TS) CB2 TIMING TOCO l 
G 1IN0021 TS0068 TS0069 TS0072 CR00731 
1-1 [----]\[----] [--+-]\(--------------------------------------------~--( )-! 
I 1 #2 #3 1#6 ! 
1 1 1 
1 CB3 1 ! 
lTDDO 1 1 
7 1CR0073 1 ! 
1-] [----------------+ ! 
117 l 
1 l 
1 
1 
1 
1 
1 
1 
1 
l 
1 
1 8,7,#7, 
1 
1 
R 1 CB3 
Checkback CB3 Time Delay Dropout 
Function 
U !SETUP CB3 CB3 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
. 
N !TDPU TDDO TIMER! 
G 1TS0071 CR0073 CR0074! 
1-] [----] [---------------------~--~------------------------------------( )-! 
# 1#5 #7 ! 
1 ! 
1 ! 
! ! 
8 1 
I 
• 
' • 
1 
1 
I 
• 
' 
9,#8,2,2, 
R CLPG 
U 1 CARR 67N/ CLPG CEB CTS CB2 CB3 CARR 
N !SW POS GD1X 67N/Gl 21/ABC MORMAL TIMER TIMER START 
G !IN0021 IN0027 IN0028 IN0029 IN0023 CR0070 CR0074 CR0002 
I 
• 
I 
• 
I 
. 
I 
• 
! -] [----] [----] [----] [ ----] [ ----] [----] [-------------------------- ( ) -
# t #4 #8 ! 
9 
1 
I 
• 
1 
carrier Start Function 
configured For Remote Checkback 
Carrier Control Ladder Diagram 
FIGURE 5-7 (cont.) 
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I 
1 1 
1 ! 
1 I • 
1 19, 1 
1 1 
1 l 
R 1 CLPG 1 
U 1 CARR 67N/ 85/GX CCS CARR! 
N 1 SW POS GD1X ON STOP 1 
G 1IN0021 IN0027 CR0075 IN0025 CROOOJ 
l-] [--+-]\[----] [--+-] [-----------------------------------------------( )-
• 1 l 1 
1 1 TRANS 1 TRANS 11 
1 169 KV 230 KV! 
1 1 ! CBFAIL MOAB 1 
0 1 !IN0006 IN00091 
1 +-] (--+-] [--+ 
1 ! 1 1 
1 !TRANS11 ! 
! 1 DIFF 1 ! • 4 • 
1 1IN00071 1 I • 
I 1 +-] (--+ 1 • 
1 1 1 1 1 
1 !TRANS11 ! I • 
1 ! FAULT 1 ! I • 
1 !PRESSRl 1 ! 
1 !INOOOB! 1 ! 
1 +-] (--+ l I • 
1 ! 1 I • 
1 !CB-2R BAY-2R1 
1 1 BKR LINE 1 
1 1 FAIL MOAB! 
1 !IN0019 IN00051 
1 +-] [ ----] [ --+ 
1 1 1 
1 ! 85/MX ! 
l !CR0076 ! 
1 +-] (---------+ 
1 1 ! 
1 ! 85/RI ! 
1 !CR0077 ! 
1 +-] (---------+ I • 
I 
• 
1 Carrier Stop Output 
1 #10, 
1 ! 
Rl CARR! 
TJ 1 XMIT XMIT 1 
N l IND INDIC 1 
G 1IN0030 CR0004! 
1-] (-------------------------------------------------~------------------( )-! 
# 1 ! 
1 ! 
I 
• 
1 1 
1 I • 
1 
1 
1 
! #11, 
1 
1 
Carrier Transmit Indication for 
Fault Recorder 
Carrier Control Ladder Diagram 
FIGURE 5-7 (cont.) 
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I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
• 
, 
PC I/0 
NUMBER 
IN0021 
IN0022 
IN0023 
IN0024 
IN0025 
IN0026 
IN0027 
IN0028 
IN0029 
IN0030 
CR0002 
CR0003 
CR0004 
CR0067 
CR0068 
CR0069 
CR0070 
CR0071 
CR0072 
CR0073 
CR0074 
HROOOl 
HR0002 
HR0003 
HR0004 
RELAY 
DESIGNATOR 
SW POS 
RECEIVE 
CTS-1 
CTS-3 
CCS-OFF 
CCS-OFF 
67N/GD1X 
67N/Gl 
21/A,B,C 
XMIT IND 
START 
STOP 
XMIT IND 
DESCRIPTION 
CARRIER SET SWITCHED POSITIVE 
CARRIER RECEIVE 
CARRIER TEST SWITCH POSITION 1 r 
CARRIER TEST SWITCH POSITION 3 
CARRIER CUTOFF SWITCH - ON 
CARRIER CUTOFF SWITCH - OFF 
CLPG RELAY GDlX CONTACT 
CLPG RELAY CARRIER START CONTACT 
CEB CARRIER PHASE START RELAY 
CARRIER TRANSMIT INDICATION 
CARRIER START 
CARRIER STOP 
TRANSMIT INDICATION 
CARRIER RECEIVE 
CHECKBACK CB1 TDPU TIMER 
SET-UP TIMER FOR CHECKBACK CB2 
CHECKBACK CB2 TDDO TIMER 
TDPU PORTION OF CHECKBACK CB3 
SET-UP TIMER FOR CB3 TDDO 
TDDO P[ORTION OF CHECKBACK CB3 
CHECKBACK CB3 TIMER 
HOLDS CB1 ACTUAL TIMING VALUE 
HOLDS CB2 ACTUAL TIMING V~LUE 
HOLDS CB3 ACTUAL TDPU VALUE 
HOLDS CB3 ACTUAL TDDO VALUE 
Carrier Control I/0 List 
FIGURE 5-8 
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• 
Circuit Breaker Reclosing 
The main thrust of this example is to show how a control 
relay should be handled and how it effects the creation 
of the LFDs. 
Circuit breaker reclosing is one of the more difficult 
hardwired control schemes to convert to PLC control. 
Many of the subfunctions interact through common logic 
elements and the scheme contains a multi-timing control 
• 
relay. The greatest complication is the control relay. 
When a function contains a control relay many of the 
subfunctions can no longer be simply identified as 
separate logic paths in the function. Many of the 
subfunctions will require some form of action from the 
control relay, but the user will often be unable to break 
out that portion of the control function from the relay. 
Since control relays are·actually small control schemes 
themselves, it is best to convert them as a unit. The 
user should identify them as separate subfunctions 
rather than trying to break them up into the pieces that 
satisfy each subfunction. In this way a separate LFD can 
be developed for each control relay and its output can 
87 
be substituted back into the other LFDs in place of 
the section of the control relay used for that 
subfunction. This means that there may be more than one 
LFD resulting for a function if it contains complex-
control relays. There will be a functional LFD 
containing the logic elements of the function and a logic 
block for each control relay, and a separate control 
relay LFD describing the workings of each control relay. 
This idea will be demonstrated through the conversion of 
the Automatic Closing Relay (ACR) and the creation of the 
LFDs for this function. 
For the same reasons as those in example two, a 
functional specification is not included in the body of 
the paper. The subfunctions identified on the relay 
schematic are as follows: 
I. Manual Reclose 
II. Automatic Reclose with Synchrocheck 
III. Automatic Reclose without Synchrocheck 
IV. Automatic Closing Relay 
V. Synchrocheck Bypass 
VI. Supervisory Reclose 
VII. Autoreclose Disable 
VIII. Bolted Fault Enable 
88 
·.• 
Figure 5-9 contains the relay schematic for this 
function. Note the ACR relay in the middle of the 
schematic. All the 179 coils,- 79 contacts and "E" 
contacts are internal to thi~ ~~lay. 
'• 
N:'ot=·e- als.6: ·t .. h·cl .. t bo·lt·e.d., f.a-ult enable, i·de·ntified a.s. a 
subfunction since it is a. s .. e·parate logic path, is. 
actually a_ second f-u-.r1ct,-ion p,rovided l:?y the recl.o·se 
control logic. The .. c·tT/2R. :c.o.:.i_.·1" when .e_nergized ·by the 
·re:c:1o·se logic, will .en-able t,h:e _bo,lt.·ed £au.It· ·r·eI.ay±ng 
•--,.. 
s·che-me:. ,The· m:ost. :mem·:ory eff;.i:.cient .me.thod .o::f: ,'h·a:nd .. I-ing· 
.:th,is ·fun.ction is. to us:e t:he o\ltput. o.::f: th:e: rec.·-1 .. os.e 
function ANDed wit-h a. b..·t.e_a)te,t :.B. c·a:n-t:a-ct: in. ·a· ·1adc:le:t .runc;t 
directly followi-ng :t:.11:e rec-lose :f.uncti.·_onal. tungs_. tp.i.s. 
w.ill al'.lev·iate th:e n:ee'd to ·re:.pe.a:t: -t·he: :1.og::.:i-c:_ ·$tr·i.:ng·s. for 
this function. Ther·e.f.o·r.e ... , ;v:I I·I. ·w~i1._·1 .be r=fa.mov$d t·r,om the 
subfunction list ·ao.o·v·e and. n.and:led: ·as a f.unc:ti.onal 
output contingent o·n. ope.rati.on o:f. :the r·ec .. lo:se £·unction. 
The LFD, for bolted :.f a.ul-t. en·able: i:s, i-n.clti-d·ed wj. th the 
·:reclo.se functiona·.1 t··ro:s s.in·ce· t-l1e(y :o:!'.l~r:a:t:e: ·o:f'f of the 
.s·am¢ logic paths .•. 
Figures 5-lOA. t·h-ru 5-lOG show the LFDs :for ·s·ubfunctions 
' 
9:9 
•,:: 
I-. thru VII .• , respectively. Figures 5-llA thru 5-llC ,. 
:show the resulting functional LFDs. The items to note 
en these LFDs are as follows: 
o The logic :1o1ocks were chosen to ~llow simple 
c:ombinat·ion of most of the subf.un·ctions into one 
:-functiQrtal. LFI). :T·he first logic: block in Figure 
5',-9A- is .con·f_.ined to the logic e:lemen·t:s ·that set-up 
·t-.he rec lose function. This. g-rouping of logic 
elements is used by all ·the: :s:u·bfunctions a.nd 
:allows a s_imple re.comb.inat·fon t.o a functiona.i LFO:. 
b-the:r:- :logic bloc:k gro,up.ing.s, :su:ch as those for 
·Tra:ns·f ornte·r ·1 .input.s, Tran:s-f·orm·er ·2. input.a. a.n(j 
o:irect ·T·r:an.s:·f:e_.r .. Trip· we·re c:ho:s·en. w·ith tn·is. s.·.a:ine .. 
though~- in min·d. 
o The AUt·onratic C·los:ing· Relay (ACR) LFD must be u-s·ed 
-a·$: g. :f.unctional :LFD s.inc-e it was handled as .a 
·s.:epa_rate c.oc,-ntrol ·re:lay function. 
o A. s .. i·ngl.e ·output f·r·om· th·e ACR LFD is. \1.s~·d: :in each 
.. 
,·of' the· o·ther :LFD·s that require its control: output. 
o- All input,s at·e _pro.granuned· expecting norma·lly open 
,cont:ac:t.s. ·T:h:i.s c·ho:i,c:e._ ·must be made before 
-cr·e·at:±.o-i1 :Of ·the: l.a..ddet l.·og:ic control program. The 
NO.T. op:e·rators showrt ·iJ). th~ r..ros w·ere handled by 
·u,s-·i:ttg no:_:rma11y· c:l_oS·:ed. cont·ctcts. in· the control 
program and, therefore, any normally closed 
contacts used as inputs would negate the normal 
sense required by the scheme. 
The fun-ctio·ne.I specification,: contr.0-·1 program and I/0 
i list _f:or ·th-i:s function a_re· _ .c·o_n-ta--inetd in Appendix 2. 
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CHAPTER VI 
·E~.(;tNEERING CONSIDERATIONS 
The creation of t:he software control program is only one 
half of the ·Con·t·:rol scheme design. The hardware 
elemen.t·s of th,e system must also be examined to see how 
they will. i·n.fluenc.e co.nt.rol program operation. 
The best method. for· J1andli.n.g the over:a1l .s::yst·em .design is 
t:o create the contro,1 program with mimj_nal .c¢:11.cern for 
tbe PLC it Will ~µn bn, except for the contact matrix 
limitation·s o:t th:e· ::ma.nufacturer(s) being cqnsidered as 
supplier$•: ·T.ll..e :m:atrix. 1.:imit·s of the ;major manufacturers, 
a.re c::lo.se :enough tl:la.t: tb~ :mos;t. restrictive matrix size 
c·a:rt ·Pe u.s:·$q. :,for:· d.e$,i.g.n. purpo.se:s with minim~l me111.o.tY 
·~:.ii-. t.o,iency ·impact::· tn th.is: way the user· :do.es' pot get 
gistracted by co.nsi··de.ration·s of system .. S!?e:.e.d,; availabl.~· 
.. fu.n.ctions, or l.nteJrface 1.7egq,ire~ents:, ·and, ·can design the 
rnos:t e.f fic;fi.en.t contt,ol :program pos:sible. This method can 
o:nly.· ·.be!. l~sed ::i~t th-~ :Itta:nµfactu.r;e·r(s.) chosen have ladder 
logic p~cka.ges: that are comp.atib.le with a full range of 
their .ctfhtro1iers. Otherw·ise, use of a. ·programming 
. 
sye;tein spec~.:f·ic· to one contr·o1ler· may ,prevent the use of 
s:ome. h.i,gh·e.r leverl ;contr'ol f·un.cti:o:n:s or, worse yet, the 
·.1·· ·"'3· : .. -\J·. -~·: 
control system may prove too slow due to the control 
program becoming larger than expected with the user 
locked into a particular controller scan rate. 
After the control program is developed, the next step is 
to chose the hardware. The user must now select the PLC 
controller and I/0 ino.du.l~s- th.at will meet his control 
system needs. Tha us¢r -U$t consider the following: 
1. How much memory is needed for the control 
,;P.rogram and what i.s- a rea-sonable memory ma·_t.g_,i.-n 
-for future cont-ro.l s:ys·te:m expansion. .. 
_:2: .• What scan ra·t-e con:troller is required to· meet the 
most crit·ica-1 t_:iming constraints of the. control 
:system .. 
. -
:_3-. Wha:t: c:ont.ro-1.:l·e·r.s provide the advanced. ::c:.on-t:r·o,l. 
·. .. . . .. . . funct-.1on_s·. used in the control program., 
4:. What ar·e the- ·quantities and types of: I/0 modules 
needed toi satis·fy the: int:e·rf.-a·ce r·equ,i:rements of 
the: -sys.t·em· ~-
. .. 
The .. memo:-ry :requi_r·ement:s· of ·the·: con·t-rol. .program are 
-p:ro.vi.ded b-y the. laa.der log.i-c pa-c:k·age a-nd, therefore, do 
not -h_av_e to ;be ·cal:cu-l:ated by t·oe u.se:-t. In chasing the 
memotY' re:qti-ir:emetit:s. of the- syste.·nt, the. u·s.:·e:r, ::should 
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, 
always leave some memory for fu'ture expansion or control 
system changes. This is a vary important consideration 
on smaller systems wher_e 'tll$, :co·ntrc;:rller contains a fixed 
amount of program memory -a·rtd it can not be expanded by 
adding memory modules. .I:·n. larger systems it may be 
sufficient to have ,a :sp:aJ:e -memory modu·le: Elos.ition ·in t-he 
mounti.ng rack. 
w..-it:h t:he memory ·s·i;ze crt t~h.e. :¢¢ntrol program kllown, the· 
required coritrol-le:t ·sc'an :ra·te can now :·be calcul.a.t·ea· .. 
.. First the use:r m.11$t :d(a:t··etm.i:i-1:e h.i.:s most .. c:r.:it·ic::al time 
.constraint. N~·xt:.. :h:e i;tn .. ts":"t:.: cor.1-.sider an item· tlt~.t could 
dela·y the PLC' s ~··es._po:ns·e· tillle. In patti-cular, tite de:Ia~rs 
ass.ociate·d wj.t:h. the: I/C) ·mcYdules .. ·Many of the I/0: ·inp.u'.t· 
modules are equi:p:ped; w.ith de-bounce, c·ircui try whi,ch: 
prevents the modu'le ·,f.:ro,m interp.retin':g input contac:t: 
Joou;nce as mult.ip-11-e: c.h·a-nge·s: of ·sta·t·e·:· ·Thi$. c:ircuitry· 
J:,a:s,i,ca:lly ·time ciE=ia,ys ~: r·esp_·o:n,s.·e., :~(nYwnere f:r·om 4. t·o :1,4 
miI.1isecond$, ·to: eIJ$l.l:r.e' that t:he .. _re .1.$ ·~: :ieg·i_t.imat·e :ip:pµ·.t 
change of state:.: l.;-o o:utput 111odules, also 1·nj:e··ct t,ime 
cielays, esp~o~~11.·y relay· -o:·utputs. It- t:altes:· t::ime fo.r· t'h.e 
output modul:e, to· rea'C"t ,t·,'o a o-o:mma--nd fr·om 'th·e; cont.-r:o.11.er 
and actu·a1·1_y pr,oduc.:e th.e .. outJ)Ut; :at :i.t.s t:ermin.-a-ls~: 
,· 
The following steps can be used to determine the 
required scan rate of the controller. 
1. Determine the most critical time constraint of 
the control program in milliseconds • 
. 2:.. Subtract the response times of the I/0 mo.dule::s 
used for this function. The time remaining is 
the maximum response ·t.ime .o·f t.he controller. 
::-3 .• This figure divided. by t-he m·emo-ry requirements of 
the control program and' futtir:e expansion·, in 
kilo-words, is the maximum scan rate per K of the 
controller. 
Note that the additional menlory :;te-t: asi·de f:clr future 
expansion figured into the d_ete-:rn1in·ation ·qf· tl:le maximum 
scan rate. If t.his where .n:o·t qan:side·red.; ftti;ure control 
program expansi.ons could pt.-~ve·nt. th$· ¢:dntrol.letr· '! from 
meeting the ident.if ied cri ti·cal. t:im'i~rlg r,e.qu.i:rem·e:n:t·s:_.: 
-T.he third con-s:ider.at.iott ·is ·to f.fn:d a, c·ont.r.o·1/Ie·r ·that 
provides the: spec1.al .-p,L·c·: .fu:nct-·ion.s· use·d in 't:'.t1e- control 
program. High .lev:e] .. controi f~-hc .. t·j.on~ p·rovided ._py: a 
manufacture.r a,re :u·.suali_y a_va.J.).ab::le 9·v.er· :a fai·r1y wide 
ra.n.ge .. o·.f. tJ1J:1 ma.hu_faoturet's: c·:or,itJ:·0··1:1er .li·n·e. The user 
must., :~1-:imp·ly· verit.y .. fJ::·t,m: ~tie-: .ntanu·f.:a·ct-ur,er' s. literature 
:l-0.6: 
' ' 
that the controller he intends to use is available with, 
the functions needed. 
The fi.na:1 -co:n.$-j.·4er~t-:io:t1:t ·the 'Selection Of:. I/·:O modules,· is 
ntain.l·Y a :.ha:rdware in-t·e.·r:f::a:c·:e considerat.-ion. Except for 
·the delay times dis.c·u-sse:d :earlier, these modules have no. 
effect on the oper-ation of tne control program. ·Since 
these module are .av·a:i1:"a..b .. l·e -with ·a wide range of interface 
capabilitiesj.: ·1.t: ·:ts: hot diff.ic·u-.lt to select the necessary· 
modules. =The I/C>. l.i$·ti:n:gs d:ev-~10:ped. ·for each function -in 
the conversion process· c;-~)1. Joe us·ed: :to determine the 
quantity and type o:f rttod.ul:es r·equ:±·red. 
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CHAPTER VII 
CONCLUSIONS 
The use of a logical 'p.-rocess for converting_ hardwired 
schemes to PLC cont.r·o.l :is more a necessity than a 
convenie:nce. The prob-.l.e.rns.: a designer must watch for 
without SOltle. ·toql to ,rs.sist him. 'l'l1e process describ.eg; 
in this ,t·hesi.-s is .. c·a:n be an a·s}S:e·t. ·t·o: the user. It 
. . 
p.·rovides a bridge between t.h.e: ha·rct-wir.-ed- s:ch-.e·m:a.tic: a:nd 
the ladder logic, run.gs:,: ·a,s::s·i's:t-s i::n: the: c:re.at.ion of final 
·do.cumentation ·an.cl :he,:l_p·S:: .p·r:ep:a·,r::e f:br- the :h·a.'rdwa:re 
implementatio:n. ph.as:e:.- Th'e: Lo:_gic. ·F'l·ow Di.a-g::ram_s' are use·.fu.1 
too,l.s· and the flexibi:l.ity o,f: bypass,ing _c:.o·nver:s.iori ,st:ep:s 
:f:or' :s·_i:mp·J.e .functions d~_s. :ne·lp.fu.1 ..• 
manufacture.:t•·s i-ad:d.er 1-c)g·:iC.: p.ackage~, it do:·e·s n-o-t :~p·pe~r-
t.h.a.t a :s_iinp:l:e·r: p1:"t>¢-ess. _i..,s :fe·as·i-kf1·$. Jioweve,t.,- t·h.ere i·s 
:co11version. Not '.Ql1-iy: mus .. t he- concern hintse:lf· ·w·it:h 
learning the r.el~y fU,n:ctionr he must also concern himself 
with preceden.c·e :relationsh,.ip,S.-; c.ontact matrix 
·. ,. 
cataloging of I/0 points. 
Improvements to the manufacturer's ladder logic packages 
could be made to alleviate some of these time consuming 
problems:. Th·es.e- pa-ckages already cross-reference the 
function ¢oil$ ~ith the ladder rungs where the contacts 
~te Used. It $e~ms likely thert that a check for correct 
:p.recedence could be imple·tnented with the package either 
warning the user or rea:rrang:ing_ th.e rungs to c.orrect any 
:precedence vio·1.ati-ons-.. :T·hi.s.- ty_p:e· of function:ality is 
·.already ava.i:1·apl_e i-n. p·.-r:o·j:Erct 1n-an·:a:gement so.f·tware 
packages.. A.l-so·-, :sine~:- :th.e: pr·og.ram checks: over the use o:f 
each co·xl:t.a·ct and_ toil_., a p_rintout of these, points could 
b.e accomplished. to ·_z-¢p-iac-e th:e u-.s~r.s I/·-Q l.is.t. A screen 
prompt of the .next av·a-ilab._l:e, ·1og:ic .e) .. :eme.-nt: nun,.ber (IN, 
CR, etc.) ·:w.o.ul_d.. al·so ·:p-e lle.l1~fful ~ _;. 
An-oth·er- ·.he-lpf:Ul. im1;tr·a·vert1e-n.t 'th-:at· could be· :made tc> ·1adder 
logic packages: wot1l:.d ·_b.·e the e.li.minatio11. of the contact 
matrix limit·ati:on on ·the u·s.e:··r.: .I:f, :·a pa·ckage could be 
designed t:o. al.low the u.ser· t.o, input :much large-r funct·i;o·n 
-stri·ngs· an_d ha-ve t:he sci_ftware 'ma·k,e th:-e~ ... :re.qui.reel. J;;ll:'·.ea.--k.s.:., 
.:it ;W·O:U:l:d. _speed th:e. .-co.'nv:ersio.n p:r·o.c:es:s: .. 
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Finally, if a software package could be designed as an 
"expert system", the user would be afforded a great time 
savings. While the software was determining precedence 
corrections and break points, it could search for 
redundant logic elements or groupings and determine a 
method of replacing them that would maximize memory 
efficiency. I.n the ideal. s_i:tu.at_:ion, the user would 
simply enter the relay :s_cihematic designator for the 
.logic elements and fun·.ct·ions, the software would assign 
>a'tid track the I/0 n:umb.ers, repla.c.e relay functions with 
higher level, m.ore. _me_mory ef,~icie·nt ec.rui val en ts and 
handle the basi_c; .docu.Jne(nt--ation .of the control prog_t-ant . 
.... 
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APPENDIX 1 
LADDER LOGIC CONTROL FUNCTIONS 
The following list bf control functions are available 
for use with the Westinghouse PC-700 and PC-900 PLCs. 
Controls discre:te outputs when the reference number 
is in external ·r;·o range, or controls internal coils 
if the reference. ·numb.er is above external I/0 range. 
2. Latch.: (Bit set, :aj~t- .. c,1e:.a·r, Bi.t. P·ick) 
Pr.ovides a mea.ns t .. o: 1.atch on, 1:atch off, or t.e$t 
. i . . ', .• . 
the status of ,r:egi.s·:t.er l:ti·t:s • 
. ,, 
B'1.t· Follow: 
:C.au.se.'a a .spe.ci_fiecr bit· :irt a :spe¢i.f.i·eq: register to 
follow the- .so·lut.i:on. of. th.e :¢0.nt ..act m.atrix, which ie. 
controlli.ng· t.he' fiuncti,O.:h. 
:·4... Bit Operate.: 
Allows the: .b:i:t ·.o.es··ignat:ed l:>y the pointer register 
in a table t,f' f·rom 1. <tQ 12'8.: .tegisters to be set, 
cleared, or ··t.es..teq.,.: 
~:~.: Skip: 
.Al-l.:ows ~ $:peqf.,fj_.eg n11mtier o·f co±.·1:s to: :be s.kipp·ed 
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6. Master Control Relay: 
When energized, functions and coils within the 
specified range operate normally; when deenergized, 
special functions are: not executed and coils are 
turned off. 
7 ~ ·Five-Digit Timer-:: 
:Times from 0000. ·1 to 6:553 ... :5. -or f.-rom. :1. ·t.o- 65·5:35:: 
seconds when the preset value .:Ls in a .regi:s-t-er.: 
a~ Five-Digit Counter: 
·or down. 
9~ Shift Registet! 
Can sh:if·t all bits one position l_:ef·t: or right i·n, a 
g1;oup of up to 128 sixteen-bit registe.rei • 
. 10 ..• o:ru-m Controller: (Sixteen-bits wide, 128 steps): 
.An automatic sequence capable of stepping several 
devices through a programmed sequence of operatiqn,. . 
. ll-. R·egister-to-T·able Move: 
Duplicat.es. contents of sour.oe· r.eg,-i's·-te_r: in spe:cif:i·ed. 
··ta'.b .. le location, 1 to 25 6 .reg-:is.t-e.rs • 
. l:·2 •: Table-to-Regis,ter Move: 
Duplicates· oont·ents of spec,i:f:ied reg.·i:ster fr:om. :a 
;Table of up· ·t.(l ~-:5Ei r.egi_st.e-r.s· in. d:e.s·t].nat,io:n· 
register. 
:I· 
~ .. 
• 
{ 
" 
1.·3. Conversion: 
Converts numbers from BCD: ·to binary and/o·t· f·roc:>nt 
binary to BCD. 
....., 
14.. Data Move: 
Moves contents of one specified regi-ster location 
to another specified register iocation. 
15., •. fo'IJ.r---Digit Arithmetic: 
.~rov·.ide.s intege.r ·mathematic<.41 functions. Can be 
chained for d_oul:,'l,e. precision or assume.d ,decimal 
points. 
1:6 .• 1.6 Bit Comp·a-r·is·qn:·: 
·The ''Equal To''·, ~Ji~, 1,1·G1:ea·t.:~::r T..h.a·n .¢.r E~:p.lc.tl T-o.-h 
functions a,na... v:a~iQU$-: colttb:i·nati·orts of_ t.hes.e: .a.llow 
any type ·o·f: pu.;me.tic> ·¢·oJnpa:r·iso.n.- t·Q ·be: :mad~ .. 
17. ·Blo:c-k Transf:er:: 
·r:egisters tn s:-~·cond table. 
1.8 • S-ave 'attd, Res:tQ;re ]?rogram Counters : 
Used together :t:o. .c-reate jump and repe~-e .:func:tion,.s.:._: 
:_li~- .• .Reset Watchdog ·T-imer: 
Used to allow longer than 100. md~.ll.is:e_c:ond :s:can:. 
times when_ :using repeat funct,i-ons: •. 
2:d •. ·Q.ont.inuou$ Group· se-lect: 
caus· ..es, in.d.iv-i·dua.1 transitional function,s :or bl·ock·s: 
. ,- . . .· . . . . :· . . .. . ·- ,. . - . . . . . ··- . . . . . . . . .. ' ' . . . . ' . . ' . .. . - . . . . - .. 
of 16 functions to operate continuously every scan. 
21. Matrix Functions (AND, OR, XOR): 
' I Performs logical comparisons on a bit-by-bit basis, 
on a string of bits contained in groups of 1 to 128 
registers. Capable of an OR, AND, or XOR comparison 
of the :b:±:t. pattern i:n the group of reg-·isters to the 
s.eoo·nd. gr-cup of ·reg-isters, with the re.s·_ult pla·c:ed .in. 
a thi.rd -gro~P of' registers. 
:2~.. comp:lein~nt ?iatri:x: 
C.oinplements :·the: l:>":i.t: :patte·rn .in the f·irst g:roup of' 
regf.:sters and· _plac·;es the result in the s·econd table 
c;,.f. re,gi.st.·er$. •. Th·i.s function inverts the status of 
e·a.dh bit. 
23~ Search Matrix: 
Locates the non-zero bits .iti a :gro:u:p or 1 to: -128· 
registers w·ith the bi.t n.u1nb¢r~t ·placed in tb.e:. 
pointer ·regi.ster .• 
2·:4 .• : Fir.st In stac:k, Fit~s:t Otit: t~·tch, .. La.s.t out Fetch: 
~.ll.Qws intplermentation of· f:ir.st i,n, first out, or 
l:qt;t .out da.ta .s.t~rc.1~:SJ ·o.p.erat:es .on :s·ta:cJts of up t:o 
2.:5·6. registers •. 
. 2:5 •. ·N.-Bit Serial Shift: 
Shifts bits :from 1 to 16 bit positions, lef.t,. or 
right, in a group of up to 128 registers. The 
number of positions shifted can b..e changed under 
program control. 
26. ASCII Transmit: 
Used to output an ASCII character string to an, 
RS-232-C port, print reports, initiate 
communicat.ions· to a computer, etc. 
:2·7 ,. Square Root.·;· 
·2··s· ,·. i . . ,. 
. .· . . : .. 
Extract's the squa.re root. q:f· :·a. deci.mal. .numP:~:r (up. t.o·· 
.- . ·- .. 
places the. 4 ·digit result in a sing:le' regi,ste-t .. 
Ascending so •. rt-:. 
Sorts Q. se·t o·f: tab:.1.:~es ;con.:s·is·ting o .. f ordered, _p:a .. i.rs. 
o·f r..e·.g:is:ters placed in as·cend.ing o:rder· ·as .. 
determi.n·ed by the first .. reg·is·t·er of ·th.:e. ·Orde:red: 
• pair. 
:2,Q • Table .Look-Up: 
:s·earch.e'S a tablei o,f regi•ster·s and locat ..e,.s t·h·e· 
.po.siti.o.n. o·f ·a .re.gis:ter· in ·the table who:se. contents 
eqUa.-1: a specifi·e.d va:·1u·e .. 
. .· ,., 
~o. ~able Look-Up/Orde~ed 
_:s.e.arches a tab.l.·e o·f registers and locates the. 
p·osi.t,i.otl of: :a regi.ster in the table whose c:ontents 
are equal to or greater than a specif.i·ed, va.,lue .. 
31. Update Select: 
Allows the user to specify the amount of I/0 to be 
updated with each scan. Used to decrease scan 
time • 
. 3::2 • PID Loop Control : 
Performs basic PID algorithms with selection of 
proportional., integral, and derivative control 
functions: in a:ny combinatio·n-. ·rnc·l:ud.es su:cp. .. 
features ·as cascading loops a·.n·d. alarms. 
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APPENDIX 2 
BREAKER RECLOSE PLC CONTRO·L. PACKAGE 
•. . . . . . - . 
Circuit Breaker Ret~losing 
Functional Specification 
The: 2::::3:0 :kV c·i.rcuit. :b:re·ake·r ca··n. :be rec.1.0:s·:e·d m·anually by 
the· con.trol switch, automat:ically ·up ·t·o. t.·hree times by 
the multi-shot automatic recl.osing re·iaY.t :o.r remotel·y 
through supervisory control. The :rec,l.ose:'r s.:e·l:ector· 
switcp.· for each line dictates wh.ic.h ,l:ine.· h·:a.s: ·r.:ight-o .. f-: 
way· t.o reclose first .. 
:r. ·Lo-c~·a.·1 R·e.c:l.os:ipg 
·A. The CB· wi·I'l Reclose if control .sw\itc·h .1:0:1 is.: -mctved 
. • !. • . ' . ' • . • . . . . . • ~ • . • -. . . • . ·•' -.. . ' • . . 
to the ,CLOS.E position ( 1.0·1.--c] .. · •.. 
. II. Automat·ic r{e:c·:1·.o:sing 
A:·• The: C.B w.ill .re.c·lo:s.e: :i.ns·ta:n:tan.eo.usly i'f' t:he· 
au·t·ontatic re.losing relay is .. re .. s·e·t ·tt> ·th·e .. f.:ir·st: 
:r::ec1:os:e position AND: 
:I ... ·The line is tripped by ·the :C•a:r,ri,:er· .re:lay ·s:cheme 
.en·ergizing ~the FRC :syn:ehrocbe:ck. bypa·s.s. re·lay.: 
·B •. T.he CB will reclose· immediate,. :wit.h :s:y.nchroche:ck,. 
if the automatic reclosing relay ·is re·s.et. ·to, the· 
first reclose position AND: 
118,: 
1. The line is tripped by other than the carrier 
relay scheme. 
-C. The CB will time del:ay reclose up to two times, 
with synchrocheck, if the CB trips through any 
scheme within 10 ~~conds of the previous reclose. 
·fSee part III for detailed reclosing re·lay 
:operation) 
'D·. The automatic recf.l.o·$-!:ng func't-it>n will lock. out 
after three u1tsuc.cessful rec:lose attempts. 
E. The automat:ic: reclose function will reset to tb.e 
. . . ,• ..... 
. fi·rs:t reclo.se positi.on after the. CB has rem·_ai.:ned. 
·" 
I_:r·,·r.-. -~Ut,om~t:ic :Recla.sing Co.:nt:r·ol Relay Operation 
T·he. automatic reclosing :relay is a three shot 
reclosing control device with the following 
charac.teristics .. 
2nd Shot -·15 seconds 
3rd Shot - 15 to 145 second:s 
·'l':in(i:ng must be retentive until th-e r;el:ay .. e.i·ther· 
.o Relay reset, with a minimum s·,e:tti-ng of 10 
seconds, after each successful reclose. 
o Automatic lockout immediately after last 
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unsuccessful reclose •. 
:IV. Reclosing Logic 
A. Right-of-Way reclosing is determined. b_y e-a:ch line's 
recloser selector switch (43-R and 43~L) as 
:follows. 
Po·sition .. l.ive 
. . 
'l.in·e· o· 1 • ·reclose ·on :or .. d.e-ad . • 
o: Position 2 • release on .l.i-ve 1·ine ·on.1y:· • 
o OFF: blocks automatic reclosing 
-B·. Reclosing will be disabled while, th·e :,r_ran:_s:f:q.tn.ie::r ··r 
MOAB is ·Cl.osed AND: 
I.. Tra·ns:f armer 1 fault pressure· relay· operates 
2 .• :T?tarls:f·orm.er 1 differential .. t~.l)~y operates 
3. :-Trah·S-former 1 low side bre.a'lt:er .failure operates 
c. ·Re·c.·1.os:ing will be disabled whi.le .the Transformer 2 
·MOAJ:3: is: .c·lo$ed ~D: 
l.:•.· 'Trans.f:c:irnte.r 2 :ia11:_lt. pressur~· re.·1·~ry: :operates 
2·.. T·r.ans,former 2 (I·tffe-rential :·r~·lay· :operates 
3: •. ·Tr-~n·sformer 2 low side breaker :f.-ailure operates 
·D·. '.Re·cl.osing will be disabled while Line 2.R direct 
·tran:sfer· tri'l)-: is being received • 
. E.. F{e·closin·~ w.i~ll ·be disabl.ed. wh:i le· '.L·i.ne. 2:L· -cti-rect 
t. f' . t· ·I I b I I · __ .r·a,ns .er ··. r::1-p, is eing r.ec·e.1:ved. 
F·· •. Reciosing will be locked out if the :230 ·1tv k>.r.e:a:ke'lt 
failure scheme operates. RecloSing :wi. .. 11 re:mai·n 
·"·'· 
~· .. 
locked out until the CB failure scheme is manually 
reset. 
"\ 
........ \·~.·. 
···~,_.~· 
•. 
·, 
Breaker Reclose Ladder Control Program 
R 1 BREAlCR! 
0 1 BAY 2R BAY 2R BAY 2L CLOSE 1 
N 1CBFAIL 94/B2 94/B2 101-C SETUP 1 
G 1IN0019 IN0003 IN0012 IN0031 CR0075! 
1-]\[----]\(----]\[--+-] (--+--------------------------------------------( )-! 
# 1 l l ! 
! 1101-NCI 1 
1 1IN00321 ! 
1 +-] [--+ 
1 I • 
1 
1 
1 
1 Logic set-up for breaker reclose 
1 
I 
• 
' • 
1 
10,3,2,#1, 
R BAY 2 L BREAl<R AUTO ! 
U LINE2R LINE BAY 2R BAY 2L SUPV SUPV CB-2R CLOSE CLOSE! 
N 1101-NC MOAB a MOAB RLTT RLTT CLOSE TRIP 52a SETUP DISABL! 
G !IN0032 INOOOS IN0014 IN0033 IN0034 IN0035 IN0020 IN0036 CR0075 CR0076! 
l - ] [----] [ ----] [ ----] \ [ ----] \ [ ----] \ [----] \ [--+-] [--+-] [------------ ( ) - ! 
# 1 1 1#1 ! 
1 1 
2 
• 
3,2,#2, 
1 AUTO 1 
!CLOSE 1 
!DISABL1 
1CR00761 
+-] [--+ 
#2 
Disables Auto Reclosing Logic 
I 
• 
I 
• 
I 
. 
I 
. 
. , 
. 
R BREAKR BAY 2L AUTO RECLOS RECLOS AUTO ! 
U CLOSE LINE2R LINE CLOSE SELECT SELECT CLOSE ! 
N SETUP 101-NC MOAB a MOAB DISABL SW-2R SW-2L ENABLE! 
G CR0075 IN0032 INOOOS IN0014 CR0076 IN0038 IN0039 CR0077! 
-] [----] [----] [ ----] [----] [ ----] [----] [-------------------------- ( ) - i 
# #1 #2 ! 
3 
Enables Automatic Reclosing Logic 
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I 
. 
I 
• 
j 
.. 
\. 
1 1 
1 1 
1 1 
l 1 
l 1 
1 8,5,4,#3, 1 
1 ! 
1 I • 
R 1 ACR 1 
U 1CB-2R TIMING! 
N 1 52b CONTRL! 
G 1IN0037 +------------+DR0078! 
1-]\[----------------------------------------------------1 !--( )-1 
# 1 1 1 
1 AUTO !NO. OF STEPS! 
!CLOSE 1 0005 1 
1 RESET 1 1 
4 1TS0080 !STARTING REG! 
1-]\[----------------------------------------------------1HR0006 ! 
! # 6 1 1 
! !STEP POINTER! 
!AUTO ACR 1HR0005 1 ! 
!CLOSE TIMING 1 1 
!ENABLE CONTRL !DESTINATION 1 
1CR0077 DR0078 lOROOOl 1 
!-] [----]\[---7-----------------------------------------1 1 !#3 #4 +------------+ 
I 
• 
1 
I 
• 
! 
I 
• 
1 
1 
10,5,5,4,#4, 
Drum Controller Holds Reclose Times 
And Locks Out After Third Attempt 
Used With CR-BO Timer 
R AUTO ACR 
U CLOSE CB-2R TIMING ACR 
N ENABLE 52b CONTRL TIMER 
G CR0077 IN0037 DR0078 +------------+TT0079 
# 
5 
1 
I 
• 
I 
• 
1 
-] [----] [--+-] [--------------------------------------! 1--{ )-
#3 #4 1 ! 
ACR 
TIMING 
CONTRL 
DR0078 
+~] (--------------------------------------
PRESET ! 
OROOOl l 
ACTUAL 
HROOll 
I 
• 
I 
• 
I 
• 
I 
• 
#4 +------------+ 
ACR Three Shot Timing Coil 
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I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
I 
• 
1 1 
1 ! 
1 10,#5, ! 
1 ! 
1 1 
R 1 AUTO ! 
U 1CB-2R CLOSE 1 
N 1 52a RESET! 
G 1IN0036 +------------+TSOOSO! 1-] [----------------------------------------------------1 1--( )-! # 1 1 PRESET 1 1 
1CB-2R 1 0010 1 ! 
1 52a 1 ! 1 
1 IN0036 !ACTUAL l ! 
6 1-] [-------------~--------------------------------------1HR0012 ! ! 
1 1 1 
l +------------+ 
I 
• 
1 
I 
• 
1 
1 
1 
1 
1 
1 
1 
1 7,#6,4, 
1 
1 
R 1 FRC 
U 1CB-2R DISABL 
N 1 52a COUNTR 
G 1IN0036 +------------+UC0081. 
!-] [----------------------------------------------------! !--( )-# 1 1 PRESET ! 
1 AUTO 1 0001 ! 
! CLOSE 1 ! 
! RESET 1 ACTUAL ! 
7 1 TS0080 ! HR0013 ! I 
• !-]\[----------------------------------------------------! 
1#6 
! 
• 
I 
• 
I 
• 
8, #7, 
+------------+ 
Disables FRC Bypass Of IJS Relay After 
First Reclose 
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• 
I 
• 
I 
• 
I 
• 
I 
• 
.. 
I 
\ 
I 
I 
R l .ltJ'I'O FRC BAY-2R 1 
U lCLOSI DISABL CARR BAY-2R FRC ! 
N 1 DABLB COUNTR RI CCS-ON COIL ! 
G 1CR0077 UCOOBl IN0040 IN0025 CR00821 
1-1 [----] [--+-] [--+-] [--+----------------~-----------------~---------( )-! 
# lt3 #7 1 l 1 
1 1 1 1 
1 1 BAY-2R1 1 
1 194/Bl 1 1 
8 l l IN O O O 2 1 1 
l +-] [--+ 1 
1 1 1 
1 1 BAY-2L 1 
1 1 CARR BAY-2Ll 
1 1 RI CCS-ON 1 
1 1IN0041 IN0026l 
1 +-] [ --+-] [--+ 
1 1 1 1 
1 1 BAY-2Ll 1 
! !94/Bl 1 1 
1 1IN00111 1 
1 +-] [--+ 1 
l ! 1 
l 1 FRC 1 
l 1 COIL 1 
1 1CR0082 1 
1 +-] [---------+ 
1 #8 
1 
1 
1 
l 
1 
I 
• 
1 
I 
• 
1 
I 
• 
I 
• 
l 
I 
• 
10,8,#8, 
Bypasses Synchrocheck Relay (IJS) 
On First Reclose Attempt 
I 
• 
I 
• 
I 
. 
' • 
R !TRANS1 TRANS1 TRANS1 TRANS2 TRANS2 TRANS2 BAY-2R BAY-2L RECLOS! 
U ! DIFF F-PRES CBFAIL DIFF F-PRES CBFAIL 94TT 94TT ENABLE! 
N !IN0007 INOOOS IN0006 IN0016 IN0017 IN0015 IN0004 IN0013 CR0083t 
G !-]\[----]\[----]\[--+-]\[----]\[----]\[--+-]\[----]\[-------------------( ,-! 
! 1 1 ! 
# ! TRANS1 ! TRANS2 1 ! 
!230 lt'tl 1230 'KV ! 
MOAB a !MOAB a ! 
IN0009 !IN0018 ! 
9 -] [----------------+-] [----------------+ 
Transformer 1, Transformer 2, Bay-2L 
And Bay-2R OTT Reclose Enable Logic 
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I ll,l0,19, l 
I l 
l 1 
R 1 ACR l 
U 1 FRC SUPV ACR TIMING RECLOS CB-2R 1 
NI COIL CLOSE TIMER CONTRL ENABLE CLOSE 1 
G 1CR0082 CR0035 TT0079 DR0078 CR0083 CR0005l 
1-] [----]\[--+-) [----)\[--+-] [----------------------------------------( )-1 
# 118 1#5 #4 1#9 ! 
1 1 1 ! 
l IJS l ! ! 
1 l RELAY l l 1 
0 1 IN0042 l 1 1 
1-J [---------+ l 1 1 1 ! 
IBREARR l 1 
I CLOSE SYNCH 1 ! 
1SETUP 101-C SWITCH ! ! 
1CR0075 INOOJl IN0043 1 ! 
1 - ] [--+-] [ ----] (---------+ l 
111 1 1 ! 
1 1 1 ! 
! 1 SUPV IJS 1 ! 
1 1101-NC CLOSE RELAY l l 
1 1IN0032 IN0035 IN00421 ! 
1 +-] [ ----] ( ---- J (--+ ! 
1 ! 
1 ! 
1 ! 
' • 
1 
1 
1 
1 
1 
1 
1 #10, 
1 
Close Command to CB-2R I • 
I 
• 
I 
• 
1 
R 1 BFAULT BFAULT 
U RECLOS ENABLE CLOSE 
N ENABLE TIMING LATCH! 
G CR0083 TTOOSS CR0084! 
-] [--+-]\[-------------------------------------------------------------( )-! I 
# #9 !#12 
' • 
• BFAULT! 
1 CLOSE 1 
1 LATCH! 
1 
I 
• 
I 
• 
1 
CR0084! 
-] [--+ 
#11 
Latches CLOSE Input For Bolted Fault 
Enable TDDO Timar 
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• 
I 
• 
I 
• 
I 
. 
I 
• 
1 1 
1 13,12,12,11,fll, 1 
1 ! 
1 1 
R 1 BFAULT BFAULT 1 
U 1 CLOSE ENABLE! 
N 1 LATCH TIMING 1 
G 1CR0084 +------------+TTOOSS! 1-] (----------------------------------------------------1 1--( )-! 
# lfll 1 1 1 
1 1 PRESET 1 1 
i BFAULT 1 0005 1 1 
1 1 CLOSE 1 1 ! 
2 !LATCH !ACTUAL ! l 
1 CR0084 1 HR0014 ! ! 
1-] [----------------------------------------------------1 ! 
1111 +------------+ 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 13,#12,11, 
1 
1 
R 1BFAULT BFAULT 
TDDO Timing For Bolted Fault Enable 
U 1 CLOSE ENABLE BFUALT 
N !LATCH TIMING ENABLE 
G 1CR0084 TT0085 CR0086 
' 
1-] (--+-]\[-------------------------------------------------------------( )-. 
# 1#11 !#12 ! 
! ! 
1BFUALT1 
1 !ENABLE! 
3 1CR00861 
!-] [--+ 
!#13 
1 
I 
• 
I 
• 
! 
I 
• 
1 
13,#13, 
I 
. 
I 
. 
Bolted Fault Enable I • 
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RECLOSING CONTROL I/0 LIST 
PC I/0 RELAY 
NUMBER DESIGNATOR 
IN0031 
IN0032 
IN0033 
IN0034 
IN0035 
IN0036 
IN0037 
IN0038 
IN0039 
IN0040 
IN0041 
IN0042 
IN0043 
CR0005 
CR0075 
CR0076 
CR0077 
CR0078 
CR0079 
CROOSO 
CR0081 
CR0082 
CR0083 
CR0084 
CR0085 
CR0086 
HR0005 
HR0006 
HR0007 
HROOOS 
HR0009 
HROOlO 
HROOll 
HR0012 
HR0013 
HROOl.4 
101-C 
101-NC 
RLTT-2R 
RLTT-2L 
SUPV CL 
52a/2R 
52b/2R 
43-2R 
43-2L 
RI/2R 
RI/2L 
IJS 
SYN SW 
DESCRIPTION 
CB CONTROL SWITCH - CLOSE 
CB CONTROL SWITCH -NORMAL AFER CL 
DTT LOCKOUT BAY 2R 
DTT LOCKOUT BAY 2L 
SUPERVISORY CLOSE 
CB-2R A CONTACT 
CB-2R B CONTACT 
BAY 2R RECLOSER SELECTOR SWITCH 
BAY 2L RECLOSER SELECTOR SWITCH 
BAY 2R CARRIER TRIP AUX CONTACT 
BAY 2L CARRIER TRIP AUX CONTACT 
SYNCHROCHECK RECLOSING RELAY 
MANUAL SYNCHRONIZING SWITCH 
CB-2R CLOSE RELAY 
CB CLOSE SETUP LOGIC 
AUTO CLOSE DISABLE 
AUTO CLOSE ENABLE 
ACR TIMING CONTROLLER 
ACR TIMER 
ACR RESET TIMER 
FRC DISABLE COUNTER 
FAST RECLOSE CONTROL 
RECLOSE ENABLE 
BOLTED FAULT CLOSE LATCH 
BOLTED FAULT ENABLE TIMING 
BOLTED FAULT ENABLE RELAY 
ACR TIME CONTROL STEP POINTER 
ACR STEP 1 RECLOSE TIME VALUE 
ACR STEP 2 RECLOSE TIME VALUE 
ACR STEP 3 RECLOSE TIME VALUE 
ACR STEP 4 LOCKOUT REGISTER 
ACR STEP 5 LOCKOUT STEP 
ACR TIMER ACCRUED TIME VALUE 
AUTO CLOSE RESET ACCRUED TIME 
FRC DISABLE ACTUAL COUNT 
BOLTED FAULT ENABLE ACCRUED TIME 
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